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ELECTRICAL PROPERTIES OF MAGNESIUM SILICTilE 
AND 
MAGNESIUM GERMANIDE 
by 
Charles R. Whitsettl and G. C. Danielson 
I. ABSTRACT 
Single crystals of Mg2Si and Mg2Ge, of high purity, on the order of 
1 mm x 1 mm x 1 em in size were obtained, and measurements were made of their 
electrical resistivities and Hall coefficients in the temperature range 
60°~- 1000°K. Both compounds behaved typically as excess impurity semi-
conductors and exhibited apparent intrinsic conduction above 450°K. 
For Mg2Si an energy band separation of .48 ev was deduced, and for 
M~Ge an energy band separation of .63 ev was found. The mobilities of 
electrons in botb compounds were about the same (167 cm2/volt-sec for 
M!S2Si and 146 cm2/volt-sec for Mg2Ge at 3000K), but the temperature dependence 
of mobility was different for the two compounds. The evidence was that 
electron scattering qy acoustical waves largely determined the ele ctron 
mobilities, but that polarization scattering also was of importance. Appar-
ently, polarization scattering was more pronounced in ~Ge than in Mg2Si. 
A quantitative interpretation of the data for Mg2Si is given qy assuming 
that the electron mobility varied as T-3/2 above room temperature. The 
analysis yielded 1.3 for the electron to hole mobility ratio, (1.8)m for the 
effective electron mass, and (2.0)m for the effective hole mass (where m is 
the free electron mass). 
The more complicated temperature dependence of the mobility in the case 
of Me2Ge did not allow the same quantitative analysis to be made for it as 
was made for Mg2Si. The mobility data for Mg2Ge did, hmv-ever, indicate an 
electron to hole mobility ratio greater· than 2.5. 
The behavior of Mg2Si and Mg2Ge is satisfactorily accounted for by the 
theories developed for covalent elemental semiconductors if scattering by 
polarization waves also is taken into account. Thes e compounds certainly 
exhibit characteristics which indicate that further study of them would be 
profitable in contributing generally to the theory of solids. 
1 This report is based on a Ph.D. thesis by Charles R. \ihitsett submitted 
July, 1955, to Iowa State College, Ames, Io1v-a. This work was performed 
under contract with the Atomic Energy Commission. 
. 
... 
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II. INTRODUCTION 
A. Nature of the Investigation 
This investigation was concerned with the preparation and measurement 
of the electrical properties of single crystals of M~Si and Mg2Ge (magnesium 
silicide and magnesium germanide). These semiconducting intermetallic compounds 
are members of the homologous series of compounds of magnesium with the Group 
IVB elements lead, tin, germanium, and silicon. All of these compounds have 
the fluorspar structure and a valency electron to atom ratio of 8:3. On the 
basis of the approximation of nearly free electrons such compounds might be 
expected to be semiconductors, although ordered phases or compounds of binary 
metallic systems are usually thought of as having relatively high electrical 
conductivities. 
During the course of this investigation widespread interest developed in 
semiconducting intermetallic compounds. This was attributable mostly to the 
realization that some of these materials might have important commercial 
applications. However, from the standpoint of contributing to the understanding 
of solid state processes and to the development of the theory of solids, the 
study of semiconducting intermetallic compounds should be valuable in itself, 
in view of the immeasurable value of studies of other types of semiconducting 
materials. 
As a contribution to the store of data on the properties of materials, 
the determination of the intrinsic characteristics of intermetallic compounds 
would be of value. However, of greater value would be the contribution to 
the basic understanding of solids in general which a sys.tematic study of 
intermetallic compounds would afford. Since the number of known intermetallic 
compounds is very large, extensive empirical correlations between melting 
points, binding energies, crystal structures, charee carrier mobilities, mag-
netic properties, and other factors in diatomic lattices could be gained. 
Inasmuch as intermetallic compounds cover the range from metallic types to 
typically valence types and even partially ionic types of compounds, they may 
serve to test the compoundine of simple ~heories. Also, by examination of 
empirical results in the light of present theory, improvements in the theory 
or new theories may be suggested. 
This investigation had as its objectives the followine:· (l) to determine 
the practicability of obtaining high-purity single crystals of Mg2Si and 
Mg2Ge, (2) to establish that these two compounds are semiconductors, (J) to 
measure the energy separation of the valence and conduction bands of these 
compounds, (4) to determine the mobilities of charge carriers in these compounds 
over a wide temperature range, (5) to determine the applicability of existing 
theories to these materials, (6) to ascertain the main factors contributing 
to the properties of these compounds, and (7) to examine the possibilities of 
further research on intermetallic compounds. 
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Magnesium silicide and magnesium germanide were chosen to be studied 
because they are members of a class of compounds having the highly symmetrical 
fluorspar structure. Structure considerations alone indicated that materials 
' with the fluorspar structure should possess interesting properties and be 
more amenable to theoretical analyses than materials with less symmetrical 
structures. Moreover, a study of the properties of Mg2Si and ~Ge seemed 
particularly promising since eventually their properties could be correlated 
with those of Mg2Sn and Mg2Pb to gain an idea of the relative influences of 
the related elements silicon, germanium, tin, and lead. 
B. Energy Bands in Metallic Compounds 
An analysis of the electrical behavior of various substances based upon 
structural considerations is given by Matt and Jones (37). The method of 
analysis employs the approximation of nearly free electrons to determine the 
number of electron states per energy band. According to this approximation, 
if W is the volume of the first Brillouin zone and V is the average atomic 
volume, there are 2VW states per atom in each energy band. The volume of 
the first Brillouin Z'One is determtned by the crystal structure. If, on the 
average, there are R valence electrons per atom, then N = R/2VW energy bands 
are filled. Tf N is a whole number, the N lower lying energy bands are 
completely filled, and all higher bands are completely empty; in this case 
the material is an insulator or semiconductor. If N is fractional, the 
highest energy band containing electrons is only partially occupied; in 
this case the material is a conductor. The nearly free electron approximation 
cannot be expected to yield quantitative . values for the separation of energy 
bands. The energy bands may even overlap, and in this case the material 
generally would be a conductor. 
For compounds having the fluorspar structure, V = a3/12 andY= 4/a3, 
where a is the unit cell. edge length. Thus, there are 2/3 states per atom 
in each energy barid. For Mg2Pb, Mg2Sn, Mg2Ge, and Mg2Si, R = 8/3 and N = 4, 
and thus these compounds should be insulators. On the other hand, for 
AuA12, AuGae, and Auin2, R • 7/3 and N • 3 1/2, and these compounds should 
then be good conductors since they would have half-filled energy bands. 
Tn the case of Mg2Pb, Mg2Sn, ~Ge, and Mg2Si and most other compounds 
an interpretation of the behavior of the materials is possible on the basis 
of the chemcial bonding. If the electronic configurations are just right 
to form covalent or polar bonds, the materials usually are insulators; if 
there are an odd number of electrons per formula group, the materials should 
be conductors. The energy band. theory, hovrever, has been more universally 
applicable than chemical bonding theories £or interpreting the electrical 
behavior of solids, although in many respects the theories are equivalent. 
An example of a semiconductingeintermetallic compound whose electrical 
behavior is difficult to explain on the basis of chemical bonding is CdSb, 
studied by Justi and Lautz (30, 31). Cadmium has two valence electrons and 
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antimony has five. Ionic binding requires equally and oppositely charged ions, 
and homopolar binding requires the pairing of electron spins. Thus, neither 
type of binding may be considered for CdSb which has an odd number of valence 
electrons per atom. Justi and Lautz concluded that a metallic type binding 
must be assumed for CdSb and that completely filled energy bands are respon-
sible for its semiconducting properties. By making only assumptions concerning 
the crystal structure which were consistent with the available X-ray data, 
Justi and Lautz showed that on the basis of the nearly free electron approxi-
mation CdSb should be a semiconductor. They considered the consequences of 
CdSb having a face-centered orthorhombic . structure with 16 atoms per unit cell. 
For this case, if a1, ae, a3 are the unit cell edge lengths, W - 4/~a2a3 and 
V = a1a2a3/16. Thus, there would be 1/2 state per atom in each energy band. 
Since there are 7/2 valence electrons per atom, the first 7 energy bands would 
be completely filled. This is a striking result and demonstrates the usefulness 
of the nearly free electron approximation for qualitatively interpreting the 
electrical behavior of solids. In fact, it appears that there is a greater 
empirical than theoretical justification for its use. 
Ill. DISCUSSION OF THE SERIES OF COMPOUNDS 
A. Phase Diagrams of the Systems 
Hansen (23) gives the phase diagrams for the systems of magnesium with 
lead, tin, and silicon along with discussions of the systems and complete 
bibliographies. The phase diagrams presented here differ from those given 
by Hansen in that the magnesium-rich regions of the diagrams are based upon 
more recent data and the diagrams are plotted as functions of atomic percentages 
of the constitutents rather than as weight percentages. The main reasons for 
including the phase diagrams here were to afford a more complete basis for 
comparison of the series of compounds and to aid others who may wish to prepare 
these compounds. 
Figures 1, 2, 3, and 4 are the phase diagrams of the systems of magnesium 
with lead, tin, germanium, and silicon respectively. For all four systems 
the results of Raynor (44) have been used for the construction of the phase 
diagrams for the magnesium-rich regions (up to the eutectic compositions on 
the magnesium-rich sides of the diagrams}. It is believed that Raynor's 
measurements are the most precise and reliable that have been made for these 
systems, but his measurements covered only the ranges of 0 to 21 atomic per 
cent lead, 0 to 12 atomic per cent tin, and 0 to 1 atomic per cent germanium 
and silicon. 
Results qy various investigators for the critical points of the magnesium-
lead phase diagram are given in Table 1. The phase diagram in Figure 1 is 
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essentially that given qy Hansen, the principal difference being the revision 
of the magnesium-rich side to conform to the data of Raynor. The value of 
550°C obtained by Kurnakow and Stepanow (34) for the melting point of the 
compound M~Pb compares with the value of 551°C obtained by Grube (20). 
Grube included photomicrographs of magnesium-lead alloys containing respect-
ively 1, 10, 45, and 90 weight per cent magnesium. 
Table 2 gives values obtained by various workers for the critical points 
of the magnesium-tin phase diagram. The phase diagram in Figure 2 is essen-
tially that given by Hansen corrected to confrom to the data of Raynor for 
the magnesium-rich region. The value of 778°C obtained by Hume-Rothery (25) 
is probably the most reliable value for the melting point of the compound 
Mg2S:n. 
The magnesium-germanium phase diagram in Figure 3 is, except for the 
Mg-Mg2Ge eutectic point, reproduced from the one given by Klemm and Westlinning (32). 
The Mg-Mg2Ge eutectic point found by Raynor was at 634. 72.°C and 1.15 atomic per 
cent germanium. This compares closely with the values 635°C and 1.2-1.3 atomic 
per cent found by. Klemm and ~estlinning: ~he melting point of the compound 
Mg2Ge was found by Klemm and 'Westlinning to be lll)°C. 
The Mg-Mg2Si eutectic point shown for the magnesium silicon system in 
Figure 4 is from the data of Raynor who gave the values of 637.6°C and 1.16 
atomic per cent silicon. The remainder of the phase diagram 1vas 'Qased upon 
that presented by Vogel (57) corrected by a scale factor to make his value 
(645°C) for the Mg-Mg2Si eutectic melting point agree with that obtained by 
Raynor. A similar scale factor correction brings into good agreement with 
the corrected results of Vogel the phase diagram obtained by ~hler and 
Schliephake (62), who reported 62)°C for the Mg-Mg2Si eutectic melting point. 
The justification for the scale factor corrections was based upon the 
assumption that the temperatures measured by Vogel and by W~hler and Schliepheke 
'\vere proportional to the true temperatures. The value of l090°C for the 
melting point of the compound Mg2Si is probably more reliable than any value 
previously stated in the literature. The correction of the data of Vogel gave 
the value ·· l090°C, and the correction of the data of ~hler and Schliephake gave 
the value l091°C for the melting point of Mg2Si . However, it should be pointed 
out that previous melting point determinations have been for Mg2Si samples 
formed from silicon only of about 99.5 per cent purity. Therefore, the melting 
point of Me2Si may actually be somewhat higher than l090°C. 
Schmidt (48) includeq photomicrographs of specimens of magnesium-silicon 
alloys containing from 0.16 to 1.73 atomic per cent silicon. 
·The phase diagrams (Figures 3 and 4) for the magnesium-germanium and 
magnesium-silicon systems do not indicate the limit of solid solubility of 
germanium and silicon in magnesium. Klemm and Westlinning concluded that 
the solubility of germanium in nagnesium is less than 0.1 atomic per cent at 
the eutectic melting temperature, while Raynor placed the upper solid solu-
bility limit at around 0.003 atomic per cent. Raynor also placed the upper 
solid solubility limit of silicon in magnesium at about 0.003 atomic per cent. 
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Table 1 
:- Critical points of the phase diagram for the magnesium-lead system 
Investigator~ Melting Mg-Mg2Pb eutectic Pb-Mg2Pb eutectic Solubility 
point Melting Atomic Melting Atomic of Pb in Mg . 
of MgJPb point % of Pb point %of Po in atomic % (OC 
. (oc) coc) 
Raynor (44) 465.0 19.1 7.75 
Vossktlhler (58) 466 19.1 9.1 
Abel, Redlich 
and Spausta ( 1) 470 249 -
Grube (20) 551.3 459.2 19.2 246.9 78~5 
Ku rnakow ·and 
Stepanow (34) 550 475 zo ~53 84.3 
Table 2 
Cri~ical poin~s of the phase diagr~ for the . magn~sium-tin system 
'' 
Investigators Melting Mg-Mg2Sn eutectic Sn-Mg2Sn eutectic Solubility 
point of Sn iri Mg 
of . Mg)Sn Melting Atomic Melting Atomic in atomic % (°C . point % of Sn · point % of Sn (Oc) (oc) 
Raynor (44) 560.6 10.7 3.35 
Grube and 
Vosskuhler (22) 560 3.5 
Hume-Roth~ry (25) 778 561 10.5 200 90.3 
Grube (21) 783 565 11. 9 209 88.3 
Kurnakow and 
Stepanow (34) 795 580 12 204 91.4 
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Using X-ray methods Klemm and Westlinning (32) investigated the phase 
widths of the compound phases Mg2Pb, Mg2Ge, and -Mg2Si. The stoichiometric 
compounds contain 66.67 atomic per cent magnesium. For magnesium-lead, 
magnesium-germanium, and magnesium-silicon alloys containing 66 atomic per 
cent magnesium, Klemm and 1festlinning reported that X-ray diffraction patterns 
contained lines due to elemental lead, germanium; or silicon so strong that 
the solubility of these elements in the regpective compound phases could not 
have exceeded some hundredths of an atomic per cent. Hume-Rothery (26) 
reported that the Mg2Sn phase width is very small. 
4 
For the compound phases to extend to the magnesium-rich side requires 
that some of the anion sites be vacant, and extension to the magnesium-poor 
side requires that some of the magnesium sites be vacant. Apparently the 
fluorspar structure is intolerant to vacant lattice sites. 
B. Structures of the Compounds 
All of the compounds M~Pb, Mg2Sn, Mg2Ge, and Mg2Si have the fluorspar 
structure. The fluorspar -structure is cubic with magnesium atoms in the 
(1/4,1/4,1/4; 1/4,3/4,3/4; 3/4,1/4,3/4; 3/4,3/4,1/4; 3/4,3/4,3/4; 3/4,1/4,1/4; 
1/4,3/4,1/4; 1/4,1/4,3/4) positions and the group IVB atoms in the (O,O,O; 
O,l/2,1/2; 1/2,0,1/2; 1/2,1/2,0) positions within a unit cell. Figure 5 shows 
a unit cell of the fluorspar lattice. Table 3 summarizes the results of 
lattice constant determinations qy various workers. 
Compound 
Mg2Pb 
M~Ge 
aJ. T. Norton. 
Table 3 
Lattice constant determinations 
Lattice constant 
6.799 K 
6.836 
6.76 
6.78 
6. 762 j 
6. 762" 
6.765 
6.750 
6.75 
6.78 
6.380 i 
6.378 
6.378 
6.338 j 
6.338 
6.391 
Investigators 
Klemm and ~estlinning (32) 
Zintl and Kaiser (63) 
Sacklowski (47) 
Friauf (18) 
Klemm and W'estlinning (32) 
Norton& 
Zintl and Kaiser (63) 
Busch and Winkler (9) 
Sacklowski (47) 
Pauling ( 39) 
Klemm and 1lestlinning (32) 
Busch and Winkler (9) 
Zintl and Kaiser (63) 
Klemm and ~estlinninJ (32) 
Busch and Winkler (9 
Owen and Preston (38 
Unpublished data. QUoted by Robertson and Uhlig (45), p. 2. 
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Fig. 5. Unit cell of the fluorspar lattice; the blackened 
circles represent X atoms in the formula x2Y for 
compounds with this structure. 
11 
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Sacklowski (47) ascribed face-centered cubic structures to Mg2Pb and 
Mg2Sh; hmvever, Friauf (18) was the first to specify more completely the 
structure of M~Pb, and Pauling (39), the first to specify the structure 
of Mg2Pb as the fluorspar structure. Zintl and Kaiser (63) determined that 
Mg2Ge had the fluorspar structure and confirmed the earlier determinations 
for Mg2Pb and MgLSn. Owen and Preston (38) found that Mg2Si also had the 
fluorspar structure. 
Of the lattice constant determinations those by Klemm and Westlinning 
appear to be the most reliable. Their results for the series of compounds 
have been closely verified by other workers. 
Table 4 tabulates the interatomic spacings computed from the lattice 
constants reported by Klemm and Westlinning for the Mg2X compounds (where 
X denotes either Pb, Sn, Ge, or Si). 
Table 4 
Interatomic spacines in Mg2X lattices 
Compound Mg-Mg Mg-X X-X X radius Mg radius 
spa~ing ( ·) spacing (i) spacing 0~) (i) (~) 
Mg2Pb 3.40 2.95 4.81 1.46 1.49 
Mg2Sn 3.38 2. 93 4.78 1.40 1.53 
Mg2Ge 3.19 2.77 4.51 1.22 1..55 
Mg2Si 3.17 2.75 4.48 1.17 1.58 
rn Table 4 the values for the X radii are the covalent radii deduced by 
Pauline (40). The differences between these radii and the calculated Mg-X 
spacings are the Mg radii listed in the table. In magnesium metal the effective 
Mg radius is 1.60 ~. 
C. Previous S'tudies of the Compounds 
The components of magnesium-lead and ma~esium-tin alloy systems have 
quite low resistivities in their pure fgrms (4. 6 x 10-6 ohm-em for Mg, 
22 x 10-6 ohm-em for Pb, and 11.5 x 10- ohm-em f or Sn at 20°C). The more 
nearly the alloys of magnesium-lead or magnesium- tin approach t he compositions 
of the compound phases Mg2Pb or Me2Sn the higher are their electrical 
resistivities. Robertson and Uhlig C45) reported that at 20°C the resistivity 
of M~Pb was 223 x lo-6 ohm-em and the resistivity of M~Sn was 0.42 ohm-em. 
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Lower values were reported by Stepanow for Mg2Pb (53) and M~Sn (54, 55) 
and qy Grube and VosskUhler (22) for Me2Sn. The earlier worKers did not have 
samples of as high purity as did Robertson and Uhlig. 
Grube and VosslMhler observed that their magnesium-tin sample with 32 
atomic per cent tin had a negative temperature coefficient of resistivi~ 
above 525°C, but they did not realize that this was due to the semiconducting 
properties of the compound Mg2Sn. Robertson and Uhlig were the first to 
report on the semiconducting characteristics of Mg2Sn. They measured the 
electrical conductivity of an n-type ~ple for temperatures from -185°C to 
560°C, and found that its conductivity could be represented by 
where 
cr = A exp (-B/kT) 
A = 89 ohm-lcm-1, B ,. 0.05 ev for -180°C < T <. -l70C 
A. = 3670 ohm -lcm-1, B = 0.132 ev for -17°C < T. 
From their measurements it may be concluded that the energy band separation 
for ~Sh is 0.26 electron volts. 
Robertson and Uhlig also measured the electrical resistivity of one 
Mg2Pb sample in the temperature range from 20°C to 160°C. In this temperature 
range the resistivity increased linearly in accordance with 
= 20~ (1 + .0018 t°C) x lo-6 ohm em. 
This result is in accord with the results of earlier investigators. It thus 
appears that Mg2Pb may not be a semiconductor, but rather it may behave as a 
poorly conducting metal. However, measurements over wider temperature ranges 
on single crystalline samples of proven high purity are yet needed to establish 
the true nature of Mg2Pb. 
Boltaks and Zhuze (6) also reported upon the electrical properties of 
Mg2Sn, but their results were for a powdered sample. They obtained 0.3 ev 
for the intrinsic activation energy and about 10 cm2/volt-sec for the electronic 
mobility at 20°C. Busch and Wlnkler (8, 9) obtained a value of 0.26 ev for 
the energy band separation in Mg2Sn. The most recent work on Mg2Sn was that 
of Blunt, Frederikse, and Hosler (4), who studied the electrical and optical 
properties of single crystals of the compound. They reported that the ratio 
of electron to hole mobilities was 1.2 and that the electron mobility at 
78°K was 3300 cm2/volt-sec. They obtained 0.32 ev for the energy band separation 
in Mg2Sn at ooK. 
During the course of this investigation Busch and Winkler (8, 9) reported 
on the high temperature conductivity and Hall effect of polycrystalline Mg2Ge 
and Mg2Si. Polycrystals of compounds tend to have eutectic included at grain 
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boundaries, and for this reason they studied only the high temperature, 
intrinsic properties of the compounds. They obtained as the energy band 
separations 0.55 ev for · ~2Ge and 0.7 ev for ~Si. According to their 
results the Hall mobility varied approximately as T-5/2. 
Busch and lflnkler (9) also studied mixed crystals of the form Mg2GexSn1-x 
where x varied from 0 to 1. The lattice constant varied linearly with x from 
6.750 R for Mg2Sn to 6.373 R for Mg2Ge according to their measurements. The 
activation energy for conductivity varieQ from 0.26 ev for Mg2Sn to 0.57 ev 
for Mg2Ge. 
Besides the electrical resistivity, other physical constants of the 
magnesium-lead and magnesium-tin systems have their extreme for the compound 
compositions. Grube and Voss~hler (22) found that Mg2Sn had a smaller 
thermal expansion than any other magnesium-tin alloys. Robertson and Uhlig (45) 
found that the ther~oelectric powers were far greater for the compound 
concentrations in both alloy systems. 
Seith and Kubaschewski (49) determined that the heat of formation of 
Mg2Pb was 4.2 kilocalories / gram-atom or 12.6 kilocalories /formula-weight. 
Kubaschewski and Walter (33) reported that at 6oooc magnesium and tin reacted, 
and in their experiments the reaction increased the temperature of the reactants 
by 200°C. They found that the heat of formation of Mg2Sn was 5. 7 kilocalories/ 
gram-atom or 17.1 kilocalories/formula-weight. 
Assuming the theory of ideal dilute solutions, Hume-Rothery (25) calculated 
the latent heat of fusion of magnesium from the data on the lowering of the 
meltinc point of magnesium by the addition of tin. The assumption that tin 
1-ras present only in Mg2Sh molecules lead to the value 106 calories/gram, whereas 
the assumption of Mg4Shz molecules lead to the value 58 calories/gram for the 
heat of fusion of magnesi urn. The actual value for the heat of fusion of mag-
nesium is 56 calories/eram which prompted Hume-Rothery to conclude that the 
molecule Mg4Sn2 existed. Robertson and Uhlig (46) reported on the chemical 
properties of Mg2Pb and Mg2Sh. 
rv . PREPARATION OF SAMPLES 
A. General Procedure 
The compounds Mg2Ge and Mg2Si were formed by reacting the constituent 
elements in graphite crucibles at temperatures above the melting points of 
the compounds and cooling the molten compounds from the bottom up to obtain 
large crystalline grains. Single crystals of the compounds were isolated 
from the polycrystalline castings by the Airbrasive process. 
• Magnesium of 99.99% purity and silicon of 99.95% purity obtained from 
the A. D. Mackay Company, and germanium of greater than 99.99% purity obtained 
from the Eagle Picher Company were used to form the compounds. The magnesium 
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and germanium were used in the form of cast rods, and the silicon was used 
in powdered form. The magnesium rods were cleaned in dilute nitric acid, 
and the germanium rods were cleaned in CP-4 etchant before they were used. 
The CP-4 etchant is composed of 15 ml acetic acid, 25 ml nitric acid, 15 ml 
48% hydrofluoric acid and 0.3 ml bromine. 
Stoichiometric proportions of the elements were used for formation of 
the compounds. Usually the amount of material used was that calculated to 
be sufficient to result in a three inch long cylinder of 1/4" or 3/8" diameter. 
Small castings were made in order to utilize spectrographic purity graphite 
crucibles which could not be obtained larger than 1j2n· in outer diameter, 
and to conserve material. To obtain a sample of compound the weighed element! 
were placed in a graphite crucible and heated to the melting point of the 
compound to be formed. The crucible was then made to cool progressively from 
the bottom to the top. The bore of the crucible tapered to a point at the 
bottom, and the hope was that compound crystal nuclei would form at the bottom 
and grow upward, and that all but a few of the crystallites would be crowded 
out towards the top of the casting. The largest single crystallites of Mg2Ge 
and Mg2Si obtained were about 1.5 em in length. 
The melting was always done in a helium atmosphere to inhibit evaporation 
of the magnesium. Since the melti.ng points of Mg2Si and Mg2Ge lie at or above 
the atmospheric pressure boiling-point of magnesium, the formation of these 
compounds was executed in helium at gauge pressures of 20 to 100 pounds per 
square inch. Even then care had to be exercised not to eject magnesium from 
the melt. 
Magnesium silicide was prepared in the induction heating furnace described 
later. An atmosphere of helium at a gauge pressure of about 20 pounds per 
square inch was used in the fUrnace. A thermal path between the water-cooled 
base of the furnace and the bottom of the crucible caused the crucible to oo ol 
from the bottom up. The crucible was inserted within a previously outgassed 
graphite heating block in order to make the heating of the crucible more uniform 
and to slow the cooling of the melt. The temperature of the crucible was 
measured by a thermocouple inserted through a hole in the heating block. 
Magnesium germanide was prepared in the bomb-type furnace described later. 
A helium atmosphere at a pressure of 80 pounds per square inch was introduced 
into the furnace at room temperature. Since an appreciable part of the 
interior space of the furnace was in the heated zone, the pressure probably 
rose to over 100 pounds per square inch during the formation of the compound. 
Induction heating was used, and the heating coil was so located that the top 
of the crucible was heated some 50-750C higher than the bottom of the crucible. 
Although the top and bottom of the crucible cooled at about the same rates~ 
solidification of the melt proceeded upward from the bottom. This type of 
furnace would probably be superior for the formation of Mg2Si. 
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One difficulty which was expected, but which did not present itself, 
was that of mixing the molten elements. Apparently thermal agitation was 
sufficient to cause complete mixing of the constituents. In the case of 
magnesium and silicon the melting point of the compound is lower than the 
melting point of one cQnstituent (silicon). Since the silicon used was in 
finely divided form it may have dissolved in the molten magnesium, or the 
heat of formation of Mg2Si may have melted the small silicon particles. 
In any event complete mixing (and usually complete compound formation) 
resulted upon heating magnesium and germanium or magnesium and silicon to 
around ll25°C. 
The graphite crucibles were satisfactory for the preparation of magnesium 
germanide, and they were useable for the formation of magnesium silicide. 
However the magnesium-silicon melt very thoroughly wet the graphite crucible 
walls and may have reacted slightly with them. The principal disadvantage 
of using graphite crucibles for the preparation of magnesium silicide was that 
the compound formed in layers along the crucible walls leaving voids down the 
center of the castings. The graphite crucibles were cleaned with acetone to 
remove any grease and oil in them remaining from machining~operations, and 
they were then outgassed at 1200-1500°0 in a vacuum of 10-~ mm of Hg or less 
before they were used. 
After the compounds were solidifed and cooled, the crucibles were carefully 
cut away from around them. For magnesium germanide three longitudinal cuts 
through the crucible wall were made, and the resulting three sections fell 
away from the casting. It was necessary to cut away the crucible by the 
Airbrasive process in the case of magnesium silicide. 
Scraping the casting walls with the teeth of a file revealed macroscopic 
grain boundaries of magnesium germanide. Polishing qy the Airbrasive process 
revealed macroscopic grain boundaries for both Mg2Ge and Mg2Si. No chemical 
etchants were found which would reveal grain bounaaries for any of these 
compounds. Polishing enabled a distinction to be made between compound and 
eutectic phases under microscopic examination. A superior etchant for revealing 
eutectic phases was 1% hydrofluoric acid in water. 
'Single crystals were isola ted from the castings by the Airbrasive process. 
The most sensitive check on the purity of these crystals was measurement of 
their electrical conductivities, lower conductivities indicating higher purities. 
Regions of the castings adjacent to the location of isolated single crystals 
were examined microscopically; the regions surrounding high resistivity crystals 
usually revealed no eutectic phases. The single crystals themselves were 
examined microscopically, but the surface finish produced by the Airbrasive 
cutting was too coarse to reveal structural information. Single crystals of 
the compounds cleaved very easily. 
Magnesium silicide crystals were quite corrosion resistant and were left 
in room air for six months with no detectable oxidation occurring. Magnesium 
germanide crystals, on the other hand, showed a visible orange coating within 
a few days when left in room air, and for this reason they were stored in a 
vacuum dessicatar. 
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One factor which favors the growth of large stoichiometric single crystals 
of Mg2Si and Mg2Ge is the narrow phase widths of these compounds. The methods 
employed, with suitable refinements and with experience, could probablyy.ield 
larger single crystals of Mg2Ge. Ho•rever, unless a more satisfactory crucible 
material >vas found, another method should have to be used to obtain large 
sinele crystals of Mg2Si. Certainly the method used so successfully for 
obtaining large single crystals of eermanium should be tried. This method 
consists of dipping a face of a seed crystal into molten compound and then 
slowly withdrawing it. By precise control of the temperature and withdrawal 
rate a single crystal may in this manner be "pulled" from the melt. This 
method was not used during this investieation because it required maintaining 
a melt of hiehly reactive components at high temperatures for a relatively 
long time, and it required a more precise control system for the induction 
heating than was available. 
Certainly purification of the compounds by zone-refining (43) should be 
tried. This may not be practicable for hieh melting point magnesium compounds, 
since excessive magnesium may be lost from the molten zones. Fractional 
recrystallization, although more time consuming, may prove to be a better 
method of obtaining very high purity compounds. For this investieation the 
purity of the compounds depended upon using hieh purity ineredients, minimizing 
contamination during melting, and purification resulting from crystallization. 
B. Furnaces 
1. Induction heating furnace 
i 
The induction heating furnace used for casting some of the compounds for 
this investigation will be only briefly described here since a furnace of the 
same general design is described in detail by Seybolt (51). 
A cross-section drawing of the furnace is given in Figure 6. The set-up 
shown in Fieure 6 would be for casting by draining the melt from the upper 
crucible into a lov-1er crucible mold. The wall of the furnace was a 4" I.D. x 
4 1/411 O.D. x 1611 Vycor tube which was mounted vertically between aluminum 
end plates. Neoprene gaskets, 1/8 11 thick, were used to make a gas tight 
seal between the Vycor tube and the aluminum end plates. The assembly rested 
on three aluminum legs mounted on a circular boiler-plate base. The boiler-
plate base Has supported by three leveling legs made from C-clamps. 
Through a chamber at the top of the furnacej connections were made to 
a vacuum system. Also on the top of this chamber were mounted two 1/4" PG-4 
Conax seals Hi th asbestos-graphite sealant, one needle valve which served 
either to vent the furnace or to introduce gas into the furnacej and a vacuum 
stuffing box. The Conax seals were for introducing shafts or thermocouple 
protection tubes into the furnace. One of the Conax seals was in line with 
the central axis of the furnace and could be used to introduce a sliding 
rotatine shaft for either pulling single crystals from melts or pulling plugs 
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Fig. 6. Furnace for using induction heating; arrangement 
shown is for casting by bottom-pour method. 
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from crucibles in casting operations. Through the vacuum stuffing box could 
be introduced, if desired, the pusher assembly and drop tube for adding 
components to the melt in the cruciole. 
An i~duction heating coil was placed around the outside of the Vycor 
tube. A lfestinghouse 10 kilowatt, 450 kilocycle, electronic oscillator 
supplied current to the induction heating coil. 
2. Bomb-type furnace 
Figure 7 is a cross-section drawing of the bomb-type furnace used for 
the preparation of Mg2Ge. It consisted of outer and inner stainless steel, 
vacuum-tight jackets which bolted together at the bottom. A gas tight seal 
, I between the jacket flanges was ~rovided by a neoprene 0-ring. The inner 
jacket served as a pedestal for the crucible. The bore of the outer jacket 
was kept to a minimum to reduce the amount of gas needed to fill the furnace. 
Helium' could not be circulated through this furnace since it had an outlet 
only at the bot,tom. 
The pressure capacity of t his furnace was limited by the valve through 
which h~lium was admitted and was about 20U,'.pounds per square inch. By 
proper selection of a valve the furnace should withstand pressures on the 
order of 1000 pounds per square inch at reasonably high temperatures, although 
this was not tested. 
+nduction heating was used during this investigation, but experience 
indicated that better temperature control might be achieved by using resistance 
heating. To grow single crystals a resistance heating furnace could be 
positioned concentric with the furnace to melt the crucible contents. Then 
the furnace could be slowly raised to cause solidification of the melt from 
the bottom up. Progressive solidification from the bottom up was accomplished 
during this investigation by alHays maintainine the bottom of the crucible 
cooler than the top, even during melting. 
T~ type of furnace was believed to be the most satisfactory of many 
tried for the formation of high melting point compounds havine one or more 
highly volatile components. The high helium pressures permissable inhibited 
evaporation of the. melt and the small volume of helium needed minimized 
contamination of the melt by the atmosphere surrounding it. 
3. Atmosphere control system 
Figure 8 is a diagram of the system used to provide controlled atmospheres 
in furnaces during the preparation of samples. 
Helium or argon gas was used and was first passed over chips of 90% 
Ca/10% Mg alloy kept at a temperature of 400°C. Next the gas was passed 
through a cold trap and from this, into a furnace. The gas was returned from 
the furnace t hrough a Sigmamotor pump to the heated calcium-magnesium alloy, 
and the cycle was ~epeated. 
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Fig. 7. Bomb-type furnace used for preparation of Mg2Ge. 
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Fig. 8. Schematic diagram of atmosphere control system used 
with melting furnaces. 
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The heated calcium-magnesium alloy served to remove the major impurities, 
oxygen and nitrogen, from the gas system. The cold trap, besides functioning 
to remove condensable impurities from the gas, trapped volatilized calcium 
and magnesium before it could spread throughout the ~stem. The calcium-
magnesium alloy chips were packed in layers alternating with layers of Pyrex 
"wool" in a stainless steel tube. The tube was placed in a furnace, the 
temperature of which was controlled by an on-off ~pe automatic temperature 
controller. The calcium-magnesium alloy was intially evaporated at 6o0°C 
onto the Pyrex 11 wooltt to increase the active gettering area. 
The cold trap was fashioned from brass pipe, the average wall thickness 
of which had been machined down to 0.01511 • Soft copper tubing of 1/4" outer 
diameter joined the various components of the system. The tubing was connected 
to the components by Cenco vacuum connectors. The valves used in the system 
were Hoke packle ss (bellmvs type) valves. 
The pressure in the system was indicated qy a compound Bourdon gauge. 
When desired the pressure could be controlled qy a Cartesian manostat which 
was attachable to the6system. The system as a whole could be exhausted to 
a pressure of 5 x ro- mm or Hg and it could, except for the Tygon tubing in 
the Sigmamotor pump, w,ithstand pressures up to ?00 pounds per. square inch. 
C. Shaping of Samples .. qy the Airbrasive Process 
The metallic compounds studied proved to be quite difficult to cut or 
machine by conventional methods since they were quite brittle and tended to 
fracture. For this reason an apparatus to employ an Airbrasive Unit was 
contructed and used for the cutti~g and shaping of samples of these compounds. 
The Airbrasive Unit is m:mufactured by the S. S. 'White Dental Manufacturing 
Company. The unit introduces at a controllable rate abrasive particles into 
a dry inert gas stream. This abrasive mixture emerges from a sintered carbide 
nozzle and, by impingement, produces a cutting action. rt may be used for 
controlled removal of surface layers 9 cutting of hard or brittle materials, 
and etching operations. 
The abrasive furnished by the manufacturer of the machine was aluminum 
oxide with an average particle size of 27 microns. Nitrogen gas was used to 
propel the abrasive. The abrasive stream emerges from the nozzle, and, for 
circular orifice nozzles, is cylindrical for a small fraction of an inch. 
The stream then diverges into a cone-shaped spray with a total included angle 
of seven degrees. The standard pircular orifice nozzle supplied had a 0.018 11 
diameter opening. Rectangular orifice nozzles also were available. 
The particular advantages of the Airbrasive Unit for this i nvestigation 
were that it cut without fracturing or chipping the metallic compounds and 
that it polished surfaces of samples and in so doi ng revealed single crystal 
regions. 
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Figure 9 is a drawing of a lathe constructed for use with the Airbrasive 
Unit. The lathe had a tail piece and head piece between which a sample up to 
four inches long and one inch in breadth could be mounted. The head piece was 
rotated by the lathe drive motor. The nozzle of the Airbrasive Unit was 
mounted in the tool holder of a compound slide from a regular metal lathe. 
~he compound slide moved the nozzle both horizontally and in a vertical plane 
along a lin~ at any angle to the horizontal. Both the horizontal and angular 
traverses were motor driven, and limit switches caused the traversing to 
oscillate back and forth between any desired set points. Thus with this 
apparatus either cones or cylinders could be machined from . samples using the 
abrasive stream from the Airbrasive Unit as the cutting agent. The abrasive 
stream was exhausted through a chute at the rear of the lathe into a filter. 
For the shaping of prisms by the Airbrasive Unit, a rotable platform 
vras constructed which mounted on the same base as, but in place of, the lathe 
just described. It consisted essentially of a platform which could be 
rotated above a vertical axis through any desired angle. The angular displacement 
was read on the scale of a Brown and Sharp bevel protractor which was modified 
and made an integral part of the apparatus. The nozzle of the Airbrasive Unit 
was also in this case mounted in the tool holder of the compound slide with 
automatic traverse. Any plane surface desired could be milled on a sample 
mounted on the rotable platform. 
V. METHODS AND APPARATUS FOR ELECTRTCAL MEASUREMENTS 
A. General Procedure 
The electrical resistivity and Hall coefficient as functions of temperature 
were measured by d-e methods for Mg2Si and Mg2Ge samples. Lmv temperature 
measurements were made in a liquid nitrogen cryostat, and high temperature 
measurements were made in a vacuum furnace. All measurements were made with 
the samples situated in the center of the gap of a Consolidated Model 23-104A 
Electromagnet capable of supplying fields up to 10 kilogauss with a 1" gap 
and 5 kilogauss with a 2 1/2" gap. 
Figure 10 shows schematically the circuit and sample mounting arrangement 
used for all measurements. The sample was held in place against the base 
electrode by the spring electrode. Two spring loaded r esistivity probes made 
possible the measurement of a longitudinal voltage difference i n the sample. 
One of the resistivity probes together with another probe mounted directly 
across from it on the other side of the sample constituted the Hall probes 
which enabled measurements of the transverse voltage to be made. By measuring 
the voltage across the 10.000 ± .001 ohm Reichsanstalt type standard resistor 
in series with the sample, the sample current could be calculated. These 
voltages were measured with a Rubicon Type B Potentiometer. 
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Fig. 9. Isometric projection drawing of Airbrasive lathe. 
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Temperatures were measured with a thermocouple, the junction of which 
was mounted in contact with the l:E.se electrode near the sample. A copper-constantan 
thermocouple was used for low temperature measurements, and a chromel-P alumel 
thermocouple was used for high temperature measurements. 
For low temperature measurements the sample, electrodes, and probes Here 
mounted on a bakelite base. The base electrode was of copper, the probes and 
spring electrodes were of phosphor-bronze, and the lead wires were No. 30 B. 
and _S. gauge, stranded copper wires with plastic insulation. The thermocouple 
wires were No. 30 B. and S. gauge and silk covered. The thermocouple junction 
was Scotch-taped to the base electrode. About six feet lengths of all leads 
and of the thermocouple wires Here coiled together so that they would reside 
in the ballast region of the cryostat chamber; in this way the leads were cooled 
to sample temperature before they entered the sample-holder region. 
For high temperature measurements the base electrode and spring electrode 
were of stainless steel, and the probes were rrade from .031" diameter tungsten 
wire. The samples, probes, and electrodes >.rere mounted on a Lava base. The 
copper lead wires were brought out of the sample-holder region through qu~rtz 
capillary tubes and then were covered with Refrasil insulation. Copper proved 
to be an unsatisfactory material for the lead wires because of its high 
volatility above Boooc. 
Phosphor-bronze probes vTere initially sharpened on an emergy disc sander 
and finally brought to very fino points by etching the sharpened ends with 
concentrated nitric acid. Tungsten probes were brought to fine points by 
repeatedly immersing the ends of the probes in molten potassium nitrite. 
Good electrical contact between the sample and the probes and electrodes 
.uas achieved at all temperatures by using the materials named. Houever, the 
stainless steel spring electrode annealed at high temperatures and pulled away 
from the sample when the temperature decreased. Thus it was necessary to keep 
tl-le t emper ature from decreasine durine measurements at temperatures higher 
than 400°C. Tungsten vmuld have been a more suitable spring electrode material, 
but it 1vas nearly impossible to sprine load a tungsten el ectrode at room temper-
ature without fracturine it. 
B. Measurements and Calculations 
1. Explanation of symbols 
For determination of the electrical resistivity and the Hall coefficient 
the lonei tudinal voltaee due only to Ohm 1 s lmv and the transverse vol taee due 
only to the Hall effect must be determined. In practice the resistivity probes 
and Hall probes do not afford direct measurements of these voltages as h~ll be 
explained. 
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Figure 10. A magnetic field in the opposite direction will be referred to as 
a reverse magnetic field. If the magnetic field was saturated in one direction 
and the magnetizing current was then requced to zero, there remained in the 
electromagnet gap a small residual fie~d. 
The various voltages considered in determining the electrical resistivity 
and ~11 coefficient were : 
2. 
Vs 
Vsgo 
Vsro 
vhgo 
vhg 
vhro 
vhr 
Vht 
the longitudinal voltage due only to Ohm's law 
the longitudinal voltage due only to thermoelectric effects 
independent of the magnetic field 
the measured longitudinal voltage for forward residual magnetic 
field 
the measured longitudinal voltage for reverse residual ma gnetic 
field 
the transverse voltage due only to the Hall effect 
the transverse voltage due only to thermoelectric effects independent 
of the magnetic field . 
the transverse voltage due only to thermoelectric effects dependent 
on the magnetic field (Ettinghausen effect) 
the measure~ transverse voltage for residual forward magnetic field 
I 
the measured transverse voltage for full f orward magnetic field 
the measured transverse voltage for residual reverse magnetic field 
the measured transverse voltage for full reverse .magnetic field 
the transverse voltage clue to probe misalignment (Ohm's law voltage). 
Measurement of electrical resistivit;l 
The longitudinal voltage was measured for both directions of the residual · 
magnetic fiel d. It was established that the resistivity was essentially inde-
pendent of the magnetic field, but departures of the sample from uniform geometry 
and homogeneity sometimes caused small, magnetic field dependent voltages due 
to the Hall effect to develop between the resistivi~ probes. For this reason 
the expression used to relate th~ measured voltages to the Ohm 's law voltage and 
the thermal voltage was 
The thermal voltag'e V80 was 
no sample current flowing. 
calculated from Equation 1:· 
1/2 (Vsgo ""Vsro) = V5 -1). Vso (1) · 
assumed to be that longitudinal voltage measured 
After Vsgo~ Vsro' and V80 were measured, V8 was 
(2) 
with 
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The resistance of that part of the sample between the probes was then found 
from Ohm's lawt 
R = (3) 
If the distance between the probes was L and if the average cross-sectional 
area of that part of the sample between the probes was A, then the electrical 
resistivity was given by 
jJ = RA L 
(4) 
The thermal voltage V80 could have been due to a combination of effect~ 
of which the most likely were:· (1) different thermoelectric potentials at 
the two resistivity probes due to inhomogeneity of the sample and to small 
temperature gradients along the sample, (2) thermoelectric potentials in the 
probe lead wires and the measuring circuit, and (3) thermoelectric potential 
gradients associated with the sample current flow. Of these, the contribution 
from the latter effect would vanish when the current ceased to flow; for this 
reason V80 was measured within one or two seconds after the current was inter-
rupted in those cases for which V50 varied ~~th the current. This rapid 
measurement was accomplished by prebalancing the potentiometer circuit by 
trial and error. 
For Mg2S'i, Vs 0 was independent of the sample current. Values of V80 
at selected temperatures for the runs made on a Mg2Si crystal are given in 
Table 5 along with the corresponding values of the total longitudinal voltage. 
The Vso values in the table are extreme values; for temperatures intermediate 
to those given, the values of Vso lay between the corresponding values given 
in the table. From the table it is obvious that phosphor-bronze probes were 
far superior to tunesten probes with reeard to thermal voltages. For all 
temperatures the errors in measuring Vso probably never gave rise to larger 
than 0.1 per cent errors in determining V8 , except for the measurement at 
1037°K. Vs 0 at this temperature was estimated by extrapolation of lower 
temperature data and could have introduced an error as high as 2 per cent 
in the determination of V8 • 
Probes Temgerature ( K) 
Phosphor- 9J.9 
bronze 162 • .5 
201.5 
249.0 
300.0 
Vso 
(mv) 
.0017 
.0048 
.0017 
nil 
nil 
Table 5 
172CVsgo + Vsro) 
(mv) 
9.559 
9.597 
9.904 
10.52 
11.82 
l/2(Vsgo + V~ro) 
X 100% 
• 02:% 
.05% 
.02% 
.00% 
.OO% 
Table 
Values 
Probes Temperature v 
(oK) (~~) 
Tungsten 293.0 -.0254 
445.2 -.2705 
749.6 -.0300 
855.2 .0293 
1037 • 24 
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5 (continued) 
of V so for Mg2Si 
l/2(Vsfo "' Vsro) 
mv) 
12.64 
24.65 
21.94 
13 . 47 
1.07 
11 so 
.20% 
1.10% 
.37% 
.22% 
22.4% ' 
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For Mg2Ge the behavior of V50 was quite different. Nearly all of the 
thermal voltage was associated with the sample current and decayed to a few 
microvolts Within 30 seconds after the current flow was stopped. Although 
this thermal voltage was detectable only just after the current was interrupted, 
its polarity did not depend upon the direction of the current flow; moreover, 
it was quite independent of magnetic fields. In this case Vso could have been 
due to a chemical action, although no explanation for its behavior was actually 
deduced. Table 6 gives extreme values for V80 for runs made on a Mg2Ge crystal. 
These values for V50 were measured Within one to t v.ro seconds after the sample 
current was turned off. For low temperatures Vso was temperature independent, 
but for hieh temp eratures it decreased with temperature and eventually reversed 
polarity. Also in this case the use of phosphor-bronze probes resulted in 
smaller thermal voltages. The errors in measuring Vso could have introduced 
errors as laree as .25 per cent for 300°K< T ~ 600°K and 0.1 per cent for 
other temperatures in the determination of Vs. 
The dimensions of the sample and separ ation of the probes we r e measured 
with a Gaertner traveling microscope. Generally the wi dt h (w) and the thickness 
(t) of the sample were measured at three or four point s along the sample, and 
the area A = wt computed and plotted as a function of distance along the sample. 
Probes 
Phosphor-
bronze 
Tungsten 
Temperature 
(oK) 
66.2 
302.7 
297.0 
678.6 
827.1 
Table 6 
Values of Vso 
vso 
(rnv) 
-.23 
-.25 
3.26 
• 03 
-.10 
for Mg2Ge 
l/2(Vsgo ._ Vsro) Vso 
(mv) l/2(Vsgo + Vsro) 
88 . 87 .26% 
77.17 .31% 
40. 98 8.13% 
24.37 .12% 
14. 76 0 68% 
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The locations of the probes on the sample were determined, and the areas 
A1 and A2 at the two probe locations were read from the graph . The cross-
sectional area used in the computation of the resistivity was the average 
of A1 and A2. The samples did not have perfectly uniform cross sections, 
and the cross sections were very nearly, but not exactly, rectangular. 
Moreover, the cross-sec~i onal areas and the probe separations were small 
(on the order of .01 em and .l em respectively) and not sharply defined. 
The rounding of the edges of the samples, the non-uniformity of the 
samples, and the non-zero widths of the probe points introduced elements 
of arbitrariness into the measurements. Small probe separations were 
necessary because of the inhomog eneity of the samples. 
The maximum errors in measuring the width (w), thickness (t)' and 
the probe separation (L) were estimated to be respectively 1, 1.5, and l 
per cent. The accumulated error in the evaluation of the geometrical 
factor A/L in Equation 4 thus did not exceed 3.5 per cent. · Equation 4 
assumes that the current density in the sample 1-1as unifo rm. Although 
the sample length to width ratios were on the order of 10 to 20, some 
error in the determination of the resistivity must have resulted from 
the assumption of a uniform current density. Due to errors from all sources, 
the abs olute resistivity values obtained were reliable probably only to 
within t 4 per cent. Nevertheless, in the results t he resistivities are 
quo ted to three or four significant figures since the geometrical factors 
were constant for each set of measurements and would not affect the 
determination of the form of the temperature dependence of resistivity. 
3. Measurement of the Hall coefficient 
For the arrangement shown in 
cm3/coulomb is given by 
RH= Vht X 108 
r;tr 
~gure 10 the Hall coefficient in 
' 
(5) 
where Vh is in volts, Is in amperes, t in centimeters, and H in gauss. 
The Hall coefficient is positive if the magnetic field and sample current 
are ·in the directions shown in Figure 10, and if the Hall voltage has the 
polarity shmm. 'For a reversal of the direction or pol arity of any of 
these quantitites, they must be considered negative in Equation 5. A 
negative Hall coefficient implies conduction primarily by holes. 
In an ideal experiment the Hall probes would be located directly 
opposite one another so that t he potential difference between _them 
would be nil f or ze·.:-o magnetic field. In practice this was difficult 
to realize because c.he high resistivities of the samples resulted in 
large potential gradients along their lengths. In the presence of a 
magnetic field, 
Vhg(H) = Vho + Vht + Vhe( H) + Vh (H) 
Vhr(H) = Vho + Vht- Vhe(H)- Vh(H) 
(6) 
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For the residual maGnetic fields, 
Vhgo = Vho + Vht + Vhe(Hl) + Vh(Hl) 
Vhro = Vho + Vht + Vhe(H2) + Vh(H2) • 
where H1 and H2 were the forward and reverse residual magnetic fields 
respectively. Very nearly, H1 = - H2 so that 
l/2(Vhgo + Vhro)=Vho + Vht • 
Consequently, 
If the magnetic field dependent thermal voltages may be neglected, 
then 
Equation 10 was assumed to be valid for this investigation. Obtaining 
a zero magnetic field to measure Vho + Vht directly was more time 
consuming than measuring Vhgo and Vhro• 
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(7) 
(8 ) 
( 9) 
(10) 
The sample current was measured to within 0.1 per cent and the 
thickness of the sample was known to within 1.5 per cent. The magnetic 
field produced by the magnet was known to within 0.2 per cent as a function 
of the magnet current for various gaps. Errors from setting the magnet 
gap , determining the magnet current, and drifting of the maGnetic field 
probably raised the error limit of the magnetic field measurement to 1.5 
per cent . Thus, the total error limit for the measurement of RH was about 
3 per cent. However, errors in the measurements of t would not affect 
a determination of the form of the temperature dependence of RH, and for 
this reas on the Hall coefficients were expressed with as many significant 
figures as were used in expressing the magnetic fields. 
4. Measurement of the temperature 
Low temperatures were measured with a copper-constantan thermocouple 
calibrated to measure temperature differences tc within 0 .o5°K and to measure 
absolute temperatures to within 0.1 °K. Chr omel-P a1u,11el thermocouples 
were used to measure high temperatures to within 0.25°K. 
The copper-constantan thermocouple calibration was based upon the 
temperature conversion table given by Giauque, Buffington, and Schulze (19). 
Their table was extended by 'J;'aylor's series approximations to include 
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thermocouple emf values for one degree increments of temperature. The calibration 
of a thermocouple consisted of finding its emf (Ew) for a number of temperatures 
as measured by a platinum resistance thermometer, the calibration of wpich was 
certified by the National Bureau of Standards. For each ~ value a corresponding 
Eg could be computed from Giauque's table. The ratios Eg/Ew for the calibration 
points were used to graph Eg/Ew versus Ew· 
To use the thermocouple to measure an unknown temperature, · its emf Ew for 
this temperature was measured. From the plot of Eg/Ew versus Ew the corresponding 
value of Eg/Ew could be determined, and thus the corresponding value of Eg could 
be computea. The unknown temperature could then be computed by using Giauque 1 s 
conversion table. Giauque's conversion table assigns the temperature of 273.10°K 
to the ice point, and therefore 0.06°K should be added to all the temperatures in 
this table. 
The calibration used for the chromel-P alumel thermocouples was that supplied 
Qy the vendor of the wires (the Hoskins Manufacturing Company, Detroit, Michigan). 
5. Sequence of measurements 
For computational purposes it was desired to obtain both the resistivity and 
Hall coefficient at the same temperature. In practice the temperature was always 
slmvly increasing, and this made it necessary to execute the measurements rapidly 
and in a certain sequence. At a given temperature the following sequence of 
operations was performedt 
(1) 
( 2J) 
(3) 
(4) 
(5) 
( 6) 
(7) 
(8) 
(9) 
(10) 
(11) 
(12) 
( 13) 
Reverse residual magnetic field was obtained; 
Thermocouple voltage was measured; 
Voltage across standard resistor was measured; 
Voltage between resistivity probes was measured; 
Voltage between Hall probes was measured; 
Full forward magnetic field was applied and magnet current was 
measured; 
Voltage between Hall probes was measured; 
Magnetic field was reduced to forward residual field; 
Voltage between Hall probes was measured; 
Voltage between resistivity probes was measuredj 
Voltage across standard resistor was measured; 
Thermocouple voltage was measured; 
Sample current was turned off and voltage between resistivity probes 
was measured. 
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. I I Thus in order were obtalnedt T, I 8 , V , Vhro' Vh , Vhgo' V8 , Is , and Tt (where the primes indicate the repetit~on oT a me~surement). If the measurements 
of these quantities were obtained at equal time intervals and if they varied 
linearly with temperature, then at the temperature 
Tav = 
.P • 
and 
vh --
l/2(T + T') 
' l/2(Vs -.,. vs? A 
l/2(Is 4 Is') L 
Vhg - l/2(Vhro + Vhgo) 
' 
(11) 
(12) 
(13) 
provided that the temperature increased uniformly. These assumptions were 
made, and Equations 11, 12, and 13 were employed. Departures of the actual 
conditions from those implied by the Equations 11, 12, and 13 probably did 
not introduce additional errors larger 'than + O.S per cent in the determinations 
of _p and RH at Tav. · 
C. Apparatus 
1. Liquid nitrogen cryostat 
The liquid nitrogen cryostat used for measurement of the Hall effect and 
electrical resistivities of s~ples at low temperatures is shown in Figure 11. 
Sample temperatures as low as 62°K were attainable with this cryostat. It 
was so designed that the chamber enclosing the sample would fit between magnet 
pole pieces with a one inch separation. 
The samples were mounted on a bakelite holder which fit within the lower 
chamber. Electrical and thermocouple lead wires from the sample were brought 
out through holes in the Plexiglas cover plate. After the leads were brought 
out, the holes in the cover plate were sealed with Apiezon ~wax. The innermost 
chamber was evacuated and then filled with helium gas at less than atmospheric 
pressure. The intermediate chamber was then filled with liquid nitrogen which 
was pumped upon. Temperatures as low as 62°K could easily be reached . The 
outermost chamber was evacuated to a pressure of 10-6 mm of Hg to insulate the 
inner chambers from the room air. The liquid nitrogen served to cool the brass 
ballast which in turn cooled the lower chamber wall and the helium gas within 
the innermost chamber. The sample was cooled by the helium gas. After the 
liquid nitrogen was exhausted from the intermediate chamber the large heat 
capacity of the brass ballast prevented the helium gas within the inner chamber 
from heating very rapidly. Measurements were made on the sample as the tem-
perature rose within the inner chamber. 
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PUMP AND HELIUM INLET 
PLEXIGLAS COVER PLATE 
-----TO HIGH VACUUM 
~-----OUTER WALL 
(.023" COPPER) 
~-+-----INNER WALL 
(.031 STAINLESS) 
~-+~-----UPPER CHAMBER 
(.025 II STAINLESS) 
~++-----------LOWER CHAMBER 
(.023 II COPPER) 
I I 
0 I 2 3 4 
SCALE IN INCHES 
Fig. 11. Liquid-nitrogen cryostat. 
ISC-714 35 
The lower wall and the hole in the brass ballast were r ectangular 
(1/2" x 111 ) in cross section. The .02311 thick copper lower chamber wall 
was soldered to the brass ballast. The upper chamber wall, of .02)11 stainless 
steel, was square (1" x 111 ) in cross section and was also soldered to the 
brass ballast. The inner wall was a stainless steel pipe whose wall thickness 
had been machined down to .03111 , and this also was soldered to the brass 
ballast. Stainless steel was used for the inner walls because of its low 
thermal conductivity and because it had no undesirable magnetic properties. 
The outer wall was of .023" thick copper. All walls at the top were soldered 
to a brass flange. All soldered joints were vacuum leak tested and all wall 
surfaces were buffed to a high polish. Each chamber had outlets which could 
be connected to vacuum pumps, and in addition the intermediate chamber had 
a port (not sho~~ in Figure 11) for the admission of liquid nitrogen. A 
vacuum tight seal between the upper chamber and the Plexie;las cover plate 
was provided by a neoprene gasket. 
Certain improvements which could be made in the des i gn of this cryostat 
are (1) the provision of means for disassembly to facilitate cleaning and 
leak testing (2) elon~ation of the upper walls to reduce the heating rate of 
the brass ballast, (3) use of .02011 material for the inner walls to reduce 
thermal conduction to the brass ballast, and (4) inclusion of an easy means 
of check the liquid nitrogen level in the intermediate chamber • 
. 2. Vacuum furnace 
For high temper ature measurements a vacuum Dlrnace was used. The furnace 
essentially was a non-inductively wound resistance heating element mounted within 
a vacuum chamber. The furnace fit between the electromagnet pole pieces with 
a 2 1/211 gap . Power leads , probe leads, and the thermcouple wires were brm ght 
out of the furnace through Kovar-glassseals. 
The sa~nle chamber of the furnace, hich was within the heating element, 
"I·Jas lined with copper to enhance uniformity of temperature. This gave rise to 
a problem which was not anticipated; at a round 800°C the copper evaporated 
onto the s ample and probes so that measurements at temperatures higher than 
this could not be made . 
VI. BASIS FOR ANALYSIS OF DATA 
A. Nature of the Theory 
The analysis of the data >-Jas based upon an approximate theory which has 
been successful in describing the behavior of most semiconductor s. Essentially 
this theory is a free electron approximation corrected for quantum effects 
qy the substitution of effective masses for the free electron mass. Wilson (61) 
and Seitz ()0) present this theory as well as a general account of the modern 
theory of solids . Matt and Gurney (36) present the theory of semiconductors 
~ri th special r efer ence to ionic crystals. Shockley (52 ) presents in detail the 
theory of semiconductors as it has been developed for valence crystals (germanium 
and silicon in narticular ). 
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An outline of the theory will be presented here in order to introduce the 
necessary formulas and to indicate the limits of their validity. The follmving 
notation will be employed: 
cl = conductivity ( ohm-lcm-1) 
.P = resistivity (ohm-em) 
RH = Hall coefficient (cmJ/coulomb) 
n = density of electrons in conduction band (cm-3) 
p = density of holes in valence band (cm-3) 
No 2 density of donors (cm-3) 
NA • density of acceptors (cm-3) 
NI =density of ionized impurities (cm-3) 
NN = density of neutral impurities (cm-3) 
~H = R~= Hall mobility (cm2/volt-sec) 
~ = actual drift mobility (emf/volt-sec) 
~ = acoustic vibration mobility (crrf/volt-sec) 
~p a polarization mobility (cm2/volt-sec) 
~I = ionized impurity mobility (cm2/volt-sec) 
u = neutral impurity mobility (cm2/volt-sec) ' ~""" ,N 
)LD = dislocation mobility (cm2/volt-sec) 
E' c 
Ev 
En 
= mean free 
= energy at 
= energy at 
= energy at 
path (em) 
bottom of conduction band 
top of valence band (ev) 
donor level (ev) 
EA = energy at acceptor level (ev) 
(ev) 
f 0 (v) = Maxwell-Boltzmann velocity distribution function 
T = absolute temperature (OK) 
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ron = effective mass of electron (gm) 
Il), = effective mass of hole (gm) · , 
-28 
m = free electron mass (9.106 x IO gm) 
e = electron charge (1.60 x lo-l9 coulomb) 
h • Planck's _constant (4.134 x lo-15 ev-sec) 
k = Boltz~nn's constant (8.616 x lo-5 ev/°K) 
37 
The subscript n shall indicate that a symbol is for an electron quantity; the 
m1bscript p shall refer to holes. 
In addition to being a free electron theory, the theory to be outlined 
here is based upon the assumption that classical statistics are valid and that 
a mean free path may be defined for electrons and holes. 
The use of classical statistics (non-degenerate approximation) is justified 
on the basis of quantum statistical mechanics if 
n-2/3 T )) 4. 2 x ro-llcm-2/3 (14) 
-
A discussion of this criterion for non-degeneracy is given by Shockley (52 3 p. 242). 
Fowler (17) presents the methods to be employed for 'the more general cases. Above 
liquid nitrogen temperatures most semiconductors of interest are non-degenerate; 
Table 7 gives the degeneracy temperatures(above which classiqal statistics become 
yalid) for various electron concentrations. 
Table 7 
Degeneracy temperatures for various electron concentrations 
Electron concentration Degeneracy temperature, 
.42 
2.0 
9.0 
42 
200 
900 
4200 
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If classical statistics are valid, then for thermal equilibrium the 
electrons ~~11 have a Maxwell-Boltzmann velocity distribution function~ 
f 0n(v) = n(mn/2 77'kT)3/2 exp( -mnv2 /2kT). (15) 
The distribution function for holes is the same except that the letter n is 
replaced by the letter p. ynder the influence of combined electric and 
magnetic fields the distribution function will be perturbed, but collision 
processes will tend to restore the equilibrium distribution. A mean free path 
may be defined for a collision process in the case of small perturbations 
provided that the restoration rate by that collison process is proportional 
to the perturbation. That is, if the perturbed function is f, and if 
( a f/ 0 t) collisions = -(1/1:) (f ~ fo)' (16) 
then a mean free path (1 =~v) may be defined. A necessary condition for the 
existence of such a mean free .path is that in a collision encounter the energy 
of an electron is changed relatively little. 
B. Conductivity and Hall Coefficient 
If ele~trons predominate, the conductivi~ and Hall coefficient are given 
(SeitZ' (5o), pp. 189-192)by 
00 
rr = 477'e2 f v3 J..n fno(v) dv (17) 
3kT 0 
and 
(18) 
These equations are based upon the assumption of a weak magnetic field 
(:H2 (( 2mnkT/e2); they may be modified to cover the case for which p)) n by 
replacing the letter n by p and changing the sign of the Hall coefficient. 
If the mean free path is given by 
4= Amncv8-/Tb (19) 
then 2 rr -1/2 
nAne2(2/mn) a+l-2c 
a-1 
o- = 2 (k) ~ r Ca/2 ... 3), (20) 3 
and 
RH - - i /ne 
' 
(2I) 
where 3 11' 1/2 r (a .,. 3/2) ,.. 
= [r(a/2 2)] z (22) 4 ... 
vr. 
yi : 
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The drift mobility is 
- 2 7T -l/2 a+l-2c 2b-a.,.l )L - "" - 3 AneC 2/mn) ~2,..-;--n- Iie- (T) 2 ~ r(a/2.,.3), (23) 
and the Hall mobility is 
(24) 
If both electrons and holes must· be considered: 
ne,.u. n + pefip . 
' 
2 2 
_ynPn - PA 
e(n_Pn+ p~)2 (26) 
where Y , fo n' and _..u. are given by Equation 22, Equation 23, and the equi-
valent of Equation 23 fBr holes. The ratio of electron to pole mobility, from 
Equation 23, is 
b =.P-n/...AA-p = (mn/~)- a:~-2c (27) 
In terms of this ratio, 
and 
o-- e(/n (bn + p), 
= -; (b2n - p) 
RH e(bn + p)2 
_A., = H 
YP-n 
b 
(28) 
(29) 
(30) 
If the mean free path has other than the simple form given by Equation 19, these 
expressions are not strictly valid. 
At high temperatures the densities of electrons and holes are nearly equal 
and are given (Wilson (61), p. 113) by 
n = p = 2(mn~)3/4 (2rfkT)3/2 exp[ -(Ec-Ev)/2kT] • 
. h3 
(31) 
At lower temperatures the ionizable impurities are responsible for the bulk of 
the charge carriers. For only donor impurities present (Wilson (61), p. 115), 
exp [ -(E0 -Eo-)/2kT] (32) 
40 
An analogous expression 
impurities are present. 
n ~ Nnl/2 
-· 
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holds for the 
For n (( Nr7, 
( 2 7rmnkT)3/4 
rJ/2 
hole concentration if only ·acceptor 
·' 
c. Mean Free Paths and Mobilities 
(33) 
A review of the theories of scattering of electrons and holes in el'emental· 
covalent semiconductors was given by Debye and Conwell (13), who also applied 
the theories in interpreting the behavior of n-type germanium. Pearson and 
Bardeen (41) similarly analyzed the behavior of silicon. 
Of primary importance is scattering by thermally induced lattice vibrations. 
For a lattice having N unit cells with 5 atoms per unit cell, there will be 
3NS lattice vibrational modes of which 3N will be acoustical modes and 3N(S-l) 
will be optical modes. The exact determination of these modes arid .their frequencies 
is virtually impossible, but inferences from .simple models (such as linear chains 
of atoms) point out trends to be expected. The acoustical modes are those for 
which, as the wave length A becomes very large, the frequency 'JI tends to zero in 
such a manner that ).. ll remains constant and equal to the velocity of sound in the · 
material. The optical modes have higher frequencies but smaller frequency ranges; 
ideally, their frequencies do not become zero even for the longest wave lengths 
which implies arbitrarily large propagation velocities. In an ~ctual crystal 
their limiting velocity may approach the speed of light. Another characteristic 
feature of the optical modes is that in executing these vibrations neighboring 
atoms move in opposite directions; if the neighboring atoms are differently 
charged these vibrations then induce large perturbations in the potential fields 
around the atoms. 
The theory of scattering by acoustic waves has received considerabl~ a.tt~ntion 
since acoustical waves are the most effective for scattering electrons in elemental 
solids. Various approaches to the problem are discussed by Seitz (50, Ch9Pter XV). 
Bardeen and Shockley (2) developed a theory which expressed the mean free path in 
terms of directly measurable constants. Their result was 
L = 
' 
(34) 
where E1 is the shift (in ev) of the bottom of the conduction band per unit dilation 
of the crystal, C is the velocity of sound, and d is the density of the crystal. 
All of the theories, based upon the concept that potentials , in the lattice are 
deformed uniformly by the lattice vibrations, lead to a mean free path inversely 
proportional to temperature. These theories assume the Debye function for the 
frequency distribution of the lattice vibrations. Thus, departures of the mean 
free path from the form given by these theori~s are to be regarded as no more 
anomalous than departures from the Debye theory for specific heats. 
vconsi 
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In theoretically treating the scattering by optical anodes (or polarization 
waves), the assumption is made that all of the waves have the same frequency. 
This approximation is reasonable in the case of compounds if the masses of dif-
ferent constituent atoms are considerably different. This conclusion is based 
upon the behavior of a diatomic linear chain of atoms (Seit z (50)~ p. 122). 
For this case the spread of frequencies for the optical modes is given by 
D-11 = vmax -"min =/iF(£~' ' ~) (35) 
where Y is an interaction constant, M' and Mare the atomic masses, and M >M 1 • 
As M becomes rrru.ch larger than M1 , l:J.)' approaches zero. 
Howarth and Sondheimer (24) treated in a thorou gh manner the scattering 
of electrons by polarization waves in polar crystals. They assumed that the 
polarization waves have a single frequency :V0 and found . for the mean free path; 
a3Mh Y 0v2 
2 7Te4(2N+l) 
(36) 
where 
a = interatomic distance, 
I/M = sum of reciprocal of masses, 
N = 1/ [ exp ( h :21 0 /kT) -1 J 
This development was for a simple lattice of monovalent ions . For a compound 
characterized only part~aliy by heteropolar binding, Equation 36 should be 
m£dified b,y replacing e4 in the denominator qy an effective iorrlc charge term 
Q • Petritz and Scanlon (42) reviewed other features of this thea~, in 
particular the influence of the polarizability of the ions. They applied the 
theory to interpret the behavior of PbS. 
Besides the lattice scattering, scattering by impurities must be considered. 
For scattering by ionized impurities, Conwell and Yeisskopf (12) derived the 
mean free path 
where 
' 77Nre4< lnG) 
K = dielectric constant 
2'd = average impurity separation 
G = 1 + K2m2v4d2e-4 
(37) 
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Usually v is replaced qy J 6kT/m' in the expression for G and lnG is then 
considered to be constant. For scattering by neutral impurities :.Erginsoy (16) 
developed the following expression for the mean free path: 
~ __ 8 tr3m2e2v 
..N (38) 
N ZOKNNhJ 
where NN is the neutral impurity density. 
On~ additional scattering process is that by dislocations in s~ngle orystals. 
Dexter and Seitz (14) discussed dislocation scattering for silicon:· They con-
cluded that 
~D = const. x (T/m) (39) 
where the constant depends upon the elastic properties of the crystal and is 
proportional to the density of dislocation lines per cm2. At low temperatures 
dislocation scattering should dominate all other types of scattering, but the 
uncertainty of the dislocation density for a particular sample would make it 
difficult to predict the temperature at which~ would become comparable with 
_p.,D. 
Results based upon Equations 19, 22, 23 and 27 in conjunction with the 
theoretical expressions for the mean free paths are tabulated in Table 8. 
Table 8 
Effect of various scattering mechanisms upon~ and RH 
s·cattering mechanism 
Acoustical waves 
Polarization waves 
(low temperature) 
Polarization waves 
(high temperature) 
Ionized impurities 
Neutral impurities 
Dislocations 
Temperature dependence b =J..ln/,1-l-p 
of~ 
T-3/2 (nn/~)-5/2 
Tl/2 h -v 0 (mn/~)-3/2 exp --
kT 
T-1/2 (mn/~)-3/2 
T3/2 (IT1r/~)-l/2 
To (mn/lllp) 
T (mn/lllp) 
I= RH 
1/ne 
1.18 
1.10 
1.10 
1.93 
3.14 
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To a first approximation, when two or more scattering processes must be 
taken into account at the same time, the reciprocal of the resultant mobility 
is the sum of the reciprocals of the separate mobilities~ 
(40) 
A more rigorous approach is to consider that 
(41) 
This latter approach has been made in the case for which only acoustical vibration 
scattering and ionized impurity scattering are of importance qy Jones (29), who 
obtained 
where 
fl 1 J..o x_2 -x ~- e dx 
,--J. - o l~Qx ' 
0 
112 ( .--tl ;-t J..o 912 h8 PY 0 (l~Gx2)2 
Q - 1 ftr 
6 A-r. 
(42) 
e-x dx 
' 
(43) 
(44) 
These equations follow directly from Equation 17, 18 and 41 i f it is assumed that 
~L = Canst • 
.l.I = Canst. x v4 • 
The integral in Equation 42 may be expressed in terms of the cosine integral 
(Ci) and the sine integral (Si)~ 
1 J"" x3 e-x dx 
To l~Qx2 
= ~ [ 1 • ~ (cin, cosH' • sifT- sin J+ _ 
-f sin!+ ) J (45) 
Jones (29) evaluated Equation 43 numerically and included a plot of l( versus 
~/fli· Johnson and Lark-Horowitz (28) used Equations 42: and 43 to construct 
graphs of (li~L + llfti) I (li.P-) versus (lf-,.UI) I (1/A .3> l,.?a-r,) and r 
versus ( l,?a I) I ( 11 P. I + 11 ..AL) ; these graphs may be used to ~ determine ,/-L and 
T if ft I andfl:r, are knmm. Conwell (11) presented a graph of )-t rJ fli versus 
J-tiJUL· For th1s investigation Equation 42 was independently evaluated. The 
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results of this evaluation, in conjunction with the results by Jones (29) for 
T as a function of/"-/,.,ar, are given in Table 13 of the Appendix. Values 
from this table were used to construct the graph of (1~)/(1/~r~ l~t) 
versus .P Il#t given in Figure 12 and the graph of T versus,arf_.,.ut given. in 
Figure 13. From Figure 13 it is seen that the maximum deviation of 1/~ 
from the value given by Equation 40 (addition of reciprocals) is by a factor 
of 1.43 for;Ur nearly equal to~. From Figure 13 it is seen that the factcr 
r is determit:J.ed primarily by the thermal vibration mean free path for,..UL <.)lr• 
Results analogous to Equations 42 and 43 have not been worked out for 
other kinds of scattering, chiefly because for most semiconductors studied to 
date;U I and;UL have been the only dominating mobilities. Moreover, only for 
well-behaved materials can much more reliance be placed in these refinements 
than in the sirople law of addivity of reciprocal mobilities. 
D. Methods for Analysis of Data 
1. Extrinsic region 
For a semiconductor containing only donor impurities, the density of 
carrier electrons is given by Equation 32. At low temperatures, well below 
the exhaustion region for which n ~No' Equation 33 will apply. Thus, at 
low temperatures, . 
<r = J = "j'-n!ln1/ 2 ( 27T~;)J/4 exp [ -(E0 -E])J/2k'r ], (46) 
and the slope of a plot of log~ versus 1/T should give Ec - En unless the 
mobility is temperature dependent. If the mobility increases as the temperature 
increases, the slope of the log_; plot should be less and perhaps even negative; 
if the mobility increases as the temperature increases, the slope of the log~ 
plot should be greater. 
In this region the density of carrier electrons in terms of the Hall 
coefficient is given by Equation 21. The factor I is difficult to determine, 
but it should be nearly unity except at very low temperatures. 
2. Intrinsic region 
For semiconductors that have a large energy band separation, the influence 
of impurity electrons in the intrinsic region is small. For this case the 
densities of holes and electrons are essentially equal and Equations 28, 29, 
and 30 become 
b ~ 1 
o- = efln ( b ) n ' (47) 
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b 1 
6 "' 1 
and ~H=rJin lbbll 
where n is given by Equation 31. 
, (48) 
(49) 
If the energy band separation is small, the impurity electrons must be 
taken into account even in the intrinsic region. If the impurity electron 
concentration is x, then p = n - x. Figure 14 shm..rs the behavior of Ru/Rx 
as a function of p/x for the region for which int rinsic behavior shoulg 
commence (Rx is the intrinsic Hall coefficient that would result for p' • 0). 
Figure 15 shows the behavior of}UHfJUn for the same re gion. The results 
depicted in these figures were obtained by setting p • n - x in Equations 29 
and 30 to obtain RH and~H' and by setting p = 0 in these equations to obtain 
Rx and ;Un. If the energy band separation is small, p will increase slowly 
with temperature, and the-temperature region corresponding to 0.1 ( p/x (10 
may be large. For a large energy band separation, p would completely ·overwhelm 
x in a small temperature interval. 
If the electron mobility is given by 
~ = AT-q/2 
' 
(50) 
then 
o- = ) = eAB ( l b b)T~ exp [- (Ec-En)/2kT], (51) 
where 
(52) 
Equations 51 and 52 result from Equations 47 and 31 i f the impurity electron 
concentration is neglected. The slope of a plot of logpT ~versus 1/T 
should then give ~- .- ~ and the intercept of t his plot with t!th'e I /T = 0 ~s 
should give eAB ( "' 1 ). The influence of impurity electrons may be neglected 
in the expression fSr conductivity in the intrinsic region. If t he impurity 
electron concentration is x, then 
' 
(53) 
where o-t is given by Equation 51. Since o-r increases rapi dly as the temperature 
increases, the term exAT-q/2 is negligible in t he intrinsic region. Thus, very 
nearly o-= o-'. 
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VII. RESULTS FOR Mg2Si 
A. Description and General Behavior of Sample 
The Mg2Si sample selected for stuqy was a single crystal .081 em thick, 
.102 em wide, and .5 em long. At room temperature its resistivity varied 
from about .03 ohm-em at one end to about .002 ohm-em at the other end, but 
most of the transition from high resistivity to low resistivity occurred 
abruptly near the low resistivity end of the sample. A fragment of the low 
resistivity end of the sample was spectrographically analyzed and proved to 
be spectrographically pure with respect to all elements except copper and 
silver. Copper gave rise to v~ry weak spectral lines and silver to very faint 
traces in the spectrographs. A very crude estimate of the impurity concen-
trations on the basis of the spectrographic line intensities would be .01 
per cent copper and perhaps .001 per cent silverr the impurity concentrations 
in the high resistivity end of the sample should have been less by about an 
order of magnitude. The surface of the crystal was examined microscopically, 
but the Airbrasive-finished surface was too coarse to reveal structural 
information. Fragments from the crystal shmJed no traces of eutectic for-
mations. 
Electrical measurements were made at various locations on the sample. 
The data to be presented here were for the higher resistivity region of the 
sample. Measurements near the low resistivity end were also made, but analysis 
of these measurements was not considered worthwhile because of the inhomogeneity 
of the sample in the low resistivity end. Extensive room temperature measure-
ments lead to the conclusion that the high resistivity region of the sample was 
homogeneous with respect to charge carrier density to within about 10 per cent 
over distances of about 1 mm (the maximum separation used for the resistivity 
probes). The Hall mobility at room temperature varied little along the length 
of the sample, and the observed variations could be accounted for by the carrier 
density gradient in the sample(that is, the resistivity measurements gave the 
average resistivity over a small interval, and this average gave misleading Hall 
mobility values in the regions where the resistivity changed abruptly). 
At room temperature a magnetic field of 10 kilogauss did not increase the 
resistivity of the Mg2Si qy more than 0.3 per cent if at all. A slight increase (0.3 per cent) in the potential drop between the resistivity probes was caused 
by the magnetic field, but this was probably due to the inhomogeneity of the 
sample rather than a magnetoresistance effect. The absence of a magnetoresistance 
effect is one criterion for the validity of the weak field theory of bonductivity. 
Within experimental error the Hall constant at room temperature was 
independent of the magnetic field for fields as high as 10 kilogauss. Figure 
16 is a plot of Vh/Is versus Hat room temperature; the data for this plot are 
given in Table 14 of the Appendix. For RH to be constant for all fields, 
Vh/I8 must increase linearly with the fie~d since 
RH = (Vh/Is) t x 108 cm3/coulomb. (54) 
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The existence of a field independent Hall coefficient is another criterion for 
the validi~ of weak magnetic field theory. 
B. Electrical Resistivity and Hall Effect 
For all temperatures the electrical measurements on the Mg2Si crystal were 
considered to be reliable. The low temperature data are presented in Table 16 
(Run I) and Table 17 (Run II) of the Appendix. The high temperature data are 
presented ~ Table 18 (Preliminary Run) and Table 19 (Run I) of the Appendix, 
The low temperature runs will be referred to as L-I and L-II, and the high 
temperature runs, as H-P· and H-I. For Runs L-I and H-I the measurements were 
for the same region of the sample (about one-third of the way from the end of 
higher resistivity). Run L-IT was for a region of slightly higher resistivity 
nearer the center of the sample. Unfortunately, the Hall probes slipped off 
the sample during Run L-I, and no Hall data were obtained on this run. 
The logarithm of the resistivity as a function of reciprocal temperature 
is plotted in Figure 17. In Figure 18 is shown the logarithm of the absolute 
value of the Hall coefficient plotted agai.nst the reciprocal of temperature. 
Below 2oooc the ~Si sample behaved as a typical impurity semiconductor. 
Slightly above 2000C apparent intrinsic semiconducting behavior was observed, 
Qualitatively the behavior of the resistivity may be explained, In the 
extrinsic re p,i on, since the Hall coefficient was ne gative, the conduction was 
predominantly by electrons excited from donor levels. The magnitude of the 
Hall coefficient implied a carrier density between lol7 and 1018 electrons/c~ 
in the extrinsic region. As the temperature increased the mobility began to 
decrease rapidly with temperature and this caused the resistivity to increase 
sharply. The resistivity continued to increase until the temperature was high 
enough to excite a large number of electrons from the valence band to the 
conduction band (that is, until intrinsic conduction began). From then on 
conduction was by both holes and electrons, and these increasedin density 
rapidly as the temperature increased, 
C. Hall Mobility 
Figure 19 is a plot of the logarithm of the Hall mobility (~H = IRHio-) 
versus the logarithm of the temperature. Qualitatively, this curve may be 
explained. At low temperatures scattering by dislocations and impurity ions· 
essentially determined the mean free path of the electrons, and the mean free 
pat'hs for these scattering processes increase with temperature. As the 
temperature increased, the scattering due to thermal agitation of the atoms . 
dominated the mean free path behavidr, and mobility passed through a maximum· 
and decreased. As intrinsic conduction became important the Hall mobility 
dropped more sharply; this was probably because of the lowering of the Hall 
coefficient, hence the Hall mobility, by the abundance of holes. 
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The data did not extend to temperatures sufficiently low to enable a 
determination to be made of the dominant low temperature scattering mechanism. 
From the rate of change of curvature of the Hall mobility curve just above 
60°K it wasconcluded that at somewhat lower temperatures the Hall mobility 
probably would have decreased linearly with temperature. This would indicate 
scattering primarily by dislocations, but ionized impurity scattering may not 
be excluded; the Hall mobility should not decrease as rapidly as the actual 
drift mobility because of the temperature dependence of the factor T during 
the transition from thermal scattering to scattering by impurities or 
imperfections. If the scattering was primarily by dis locations, the low 
temperature mobility would have been approximately 
(~n)D = 10 T cm2/volt-sec. (55) 
If scattering qy impurity ions was the dominant factorJ then the mobility at 
low temperatures would have been approximately 
(56) 
The constants in these relations were determined by the Hall mobility value 
(711 cm2/volt-sec) at 61.50K, and they should be correct to lvithin a factor 
of 2 or 3 under the implied assumptions. 
Above l00°K the Hall mobility initially decreased with temperature more 
r ap idly than would be predicted on the basis of scattering by acoustical waves. 
There are possible three interpretations of the data in this temperature 
region:-
(1) The mobili~ was determined primarily by acoustical modes, but 
departures from the Debye frequency distribution function caused departures 
from the expected T-3/2 law. 
(2) The mobility was determined primarily by scattering by acoustical 
waves, but in this temperature region the activation of optical modes caused 
deviations from the T-3/2 law. 
(3) The mobility was determined primarily by scattering by acoustical 
waves, but in this ~ temperature region holes from acceptor levels as well as 
electrons were activated, giving rise to a sharper descent of the Hall mobility. 
The reason for assuming scattering primarily by acoustical waves was that 
bet1veen 300°K and 4820K the Hall mobility data had a root mean square deviation 
of only .35 cm2/volt-sec from values given by the relation 
(57) 
The first interpretation above, that departures from the Deqye frequency function 
occurred, could be checked by (1) studying samples of higher perfection and 
purity for Hhich scattering by thermal vibrations would dominate down to very 
low temperatures and (2) measuring the specific heat as a function of temperature 
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for J:~2Si. The second interpretation, that polarization waves were activated, 
also could be checked by specific heat measurements. 
The third interpretation, that holes were activated, was suggested because 
of the observed behavior of the Hall coefficient bet1ieen 140°!\ and 30001\, In 
this temperature region the Hall coefficient began a steep descent which could 
be explained by either the excitation of holes from an acceptor level or the 
excitation of electrons from a second donor level. In the former case the Hall 
mobility should drop more rapidly than the actual drift mobility. This 
interpretation was given credence by the fact that the only known impurities 
were copper and silver, which if substitutionally located in the M~Si lattice 
should tend to disrupt valence bonds and effectively create conduction holes. 
The assumption of acceptor impurities, however, did not seem to be compatible 
with all of the observations. Specifically, the Hall mobility at room temperature . 
did not vary within experimental error over the length of the crystal, although 
the resistivity and Hall coefficient varied by an order of magnitude. This may 
be seen by examination of Figures 17, 18, and 19; the Hall mobility for T ( 300°1\ 
was obtained from the L-II branches of the resistivity and Hall coefficient ru ryes, 
and for T > 293°!\~ from the H-I branches. These branches were for different 
regions of the sample, which accounts for the discontinuities in .P and RH at 
3000K, but the Hall mobilities at 300°!\ for the two· branches agreed to within 
1 per cent. If the impurities were acceptors, then the product RH~ should have 
been less negative in the lower purity regLon. Since this was no~ the case, 
electrons must have been the dominant carriers of charge; thus, either all of 
the impurities were donors or the electron to hole mobility ratio was very large. 
Moreover, if the only known impurities, copper and silver, functioned as 
acceptors, it would be rather difficult to explain the dominant n-type behavior 
of the sample. 
Assumption of a T-3/2 temperature dependence for the mobilities was not 
compatible with the intrinsic data if indeed the mobility ratio is large for 
Mg2Si; rather, a T-3 dependence would have to be assumed to explain the data. 
Since, in the region 3000Jr<T<482·°K, the Hall mobility did vary as T-3/2, 
it seemed more probable that this temperature dependence for the mobilities 
was valid also in the intrinsic region. The possibility that the mobilities 
decreased nearly as T-3 and that the electron to hole mobility ratio was large 
may not be disregarded. Data for a large number of samples likely will be 
required to resolve this point. 
The analysis to be presented here was based upon the assumption of a T-3/2 
law for the mobilities. This assumption implied that only electrons were of 
importance in the extrinsic region. In this case the impurities, copper and 
silver, must be assumed to have functioned as donors. This is not unreasonable 
if these atoms enter interstitially into the Mg2Si lattice; in this case each 
atom would contribute its outer valence electron to conduction processes. Even 
if copper and silver enter substitutionally into the Mg2Si lattice, they 
possibly may serve as donors. Further study of Mg2Si crystals is needed in 
order to determine the effects of various impurities upon conduction processes. 
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As mentioned, in the region 300°K< T ( 482°K the Hall mobility was given 
~H = (.9926 x io6) T-3/2 c~2/volt-sec. (58) 
scattering of electrons by acoustical waves , the Hall mobility should exceed 
actual drift mobility by a factor If= 1.18 (see Table 8). Thus for ~Si, 
CJUn)L = (.84 x 106)T-3/ 2 cm2/volt-sec. (59) 
D. Analysis of Data 
1. Extrinsic region 
The resistivity (curve L-II in Figure 17) was given by 
_fJ = • 0127 exp(. Ol06/2k:T) ohm-em. (6o) 
for temperatures less than 94°K. In this region the mobility increased with 
temperature, and therefore the . actual activation energy was probably less than 
.005 ev. This implied that 
Ec - En < .01 ev, T < 94°K. ( 61) 
This result was consistent with the activation energy obtained from the Hall 
coefficient data. The Hall coefficient (Curve L-II in Fi~re 18) had two 
branches which, except for the rounding of the knee near l6oOK, were given 
by 
RH = -11.2 exp( .0072/2kT) T ( 16o°K : 
RH = -1. 68 exp(. 064/2kT) 300°K ) T / l60°K. 
( 62) 
( 63) 
The activation energy obtained from the branch at lower temperatures should 
be somewhat larger than the actual activation energy. Thus, the Hall data 
implied the existence of a low 'temperature donor level given by 
Ec - En'=' • 006 ev, T < l60°K • (64) 
As stated before, the higher temperature branch could have been due to an 
acceptor level, although the Hall coefficient remained negative. As has been 
pointed out, this hypothesis was considered not probable. The alternative 
was to assume a second donor level at about .06 ev below the conduction band. 
To determine the magnitude of the impurity concentration, a calculation 
for T = l00°K was made. Equation 33 was used with mn .. m, Ee - En = .006 ev, 
and n = 2 x 1017 cm-3. The value for n was deduced from the Hall data by 
assuming that RH = -1/ne. The calculations gave · 
(65) 
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A similar calculation was made for T = 2D0°K, but with Ec li'- - 06 d 17 _D • ev an 
n • 6 x 10 cm-3; the result was 
Nn ~ 2 x 1ol8 cm-3 (66) 
In Me2Si there are 4.8 x 1022 atoms per cmJ; thus, the calculated impurity 
concentration was of the order of .01 atomic per cent. This result was in 
agreement with the spectrographic analysis of the sample • . 
2. Intrinsic region 
The analysis of the data for the intrinsic region depended critically upon 
the assumptions made for the temperature dependence of mobility and the electron 
to hole mobility ratio. If a p-type sample of Mg2Si could be obtained and a 
direct determination of ..-u-p made, the mobility ratio b could be fixed within 
narrow limits and unqualif~ed conclusions could be reached for Mg2Si. In the 
absence of knowledge of the mobility ratio, an analysis of the behavior of the 
sample co~ld be made on the basis of either (1) a mobility ratio near unity 
and a T-3;2 temperature dependence for the mobilities or (2) a higher mobility 
ratio and a stronger temperature dependence for the mobilities. 
If the electron mobility is given by 
fin = AT-q/2 
' 
then the resistivity is 
I) = 1 b ;j;:'7""_ exp ( Ec - Ev) I 2kT ' ( ) g__-J' [ J
J eAB b+:t ... 
where 
( 67) 
( 68) 
( 69) 
The resistivity data for Mg2S"i were plotted with log (_); T .l..::sl ) as a function 
2 
of 1/T for 2 ~ q f6. For q = 6 it is implied that the electron mobility varied 
as T-3 ; the Hall mobility was observed to decrease nearly as T-3 in the 
intrinsic region. The plots are shown in Figure 20; all essentially fell on 
straight lines. From these plots the values for eAB I (b + l)/b] and Ec - Ev 
were determined graphically. The value of A was fixe~ by taking the Hall mob~lity (95 cm2/volt-sec) at 48l.7°K to be the electron mobility. -The results of these 
determinations are given in Table 9. 
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Table 9 
Graphically determined resistivity parameters for Mg2Si 
q Ec - Ev eAB(~) A B(lbb) B0for 
(_fln =AT -q/2 ) {~hrn~cm -) ( cm2 ) ( cm-3) (cm:J) (ev) volt-sec 
2 .41 6.1xl0 4.6xlo4 8.2xlol5 4.lxrol5 
3 • 47 2.9xlo3 8.7xl05 2.1x1o16 r.oxrol6 
4 .54 1.4xlo5 2.2x107 4.0xlo16 2.0xloi6 
5 .61 6.5xlo6 4.2xlo8 9.7xlo16 4.9xlol6 
6 • 68 3.1x1o8 8.0xlo9 2.4xlol7 1.2xlol7 
The values of B for b = 1 given in Table 9 are the smallest which result 
forb / 1. ·For -Jmn!no' = m, B = 4.82 x 1015 cm-3; values forB higher than 
this may be accounted i'or by departures of the effective masses from the free 
electron mass. 
was 
For q • 6 the expression for the intrinsic hole and electron densities 
n = p • 2.4 x 10l7(1~b )T3/2 exp(- . 68/2kT) , . (70) 
which gave densities between 1019 and 1020 cm-3 -in the i~trinsic region. For 
this case Fermi-Dirac statistics should be used since the degeneracy tempera ill re 
would be of the order of the temperatures for which the data were taken. 
Approximately then (Shockley (52), pp. 280-281), 
RH =' - - 1 - (b '/) 1) 
ne . 
(71) 
and 
#. · n (72) 
Equation 70 gave smaller values by a fa.ctor of 4 than were observed, but 
more accurate analyses might lead to better agreement. Thus the assumption 
that q = 6 re sulted in an analysis which was compatible 1nth the data. For 
this case b had to be assumed large ; other~Qse, the calculated Hall mobility 
initially decreased more r ap i dly than the observed Hall mobility. 
For q = 3 the intrinsic electron and hole densities were given by 
n = p = 2.1 x 1016 (-b-) T3/2 , exp(-.47/2kT). (73) b.a.l 
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This expression gave densities between 1ol8 and 1019 cm-3 for the intrinsic 
region; for this case the non-degenerate approximation was justified. Since 
the impurity electron density was not ne glieible in comparison with the 
intrinsic carrier density, the influence of impurity electrons had to be con-
sidered. In fact, the intrinsic behavior in this case -vras due largely to 
the holes. The mobili~ ratio could not exceed unity very much; otherwise, 
the sharp drop in the observed Hall mobility could not be explained. 
Other assumed values of q resulted in analyses consistent with the data. 
The calculated electron and hole densities and the implied mobility ratio 
increased vd th increasing q values. 
As has been explained, a T-3/2 temperature dependence for the mobility 
was considered more reasonable. The ele ctron mobility was considered to be 
given by Equation 59. By the method of least squares, the resistivity data 
was found to be given by 
ln~ = ln(l/3150) ~ .484/2kT (74) 
The constants found b.Y the method of least squares differed slightly from 
the graphically determined values for q = 3 given in Table 9. An energy band 
separation of .48 ev was thus found for Mg2Si. The value obtained for B from 
Equations 59, 68 and 74 was 
B =(2-) 
l.a.b 
3150 ( b ) 2.33 x 1016 cm-3 . 
- ~(. 84 X 106) (1. 60 X l0-19) 
(75) 
Different values for b were assumed and the intrinsic carrier densities 
were computed for each temperature for which Hall data had been obtained. 
The impurity electron densit~ was known from the extrinsic Hall data to be 
on the order of x ~ 1018 cm-J, and thus for each temperature a value for 
RM could be computed by using Equation 29 with li= 1.18 in conjunction with 
n - x = p = BT3/2 exp(-.48/2kT) • (76) 
For b = 1 the smallest value for B, and hence for the intrinsic carrier density, 
1~as obtained; for this case the calculated Hall coefficients did not decrease 
as rapidly ~~th temperature as the observed Hall coefficients unless x was 
assumed to less than 1ol8 cm-3. For b = 2 the value obtained for B gave larger 
carrier densities; the Hall coefficients calculated for b = 2 decreased more 
rapidly than the observed Hall coefficient as the temperature increased, unless 
x was taken to be about 1019 em-3. It was therefore concluded that 1 < b ( 2. 
Fair agreement betvreen c~lculated and observed Hall coefficients resulted 
for b = 1.3 and x = 1.2 x 1olb cm3. Figure 21 is a plot of the Hall coefficient 
calculated for this case; the experimentally determined points also are shown. 
The agreement was not perfect, but the trend and maenitude of the calculated 
Hall coefficients indicated that the mobility ratio was probably close to 1.3 
and that x (the impurity electron density) 1,:ras near 1. 2 x 1018 em-3. The 
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calculated Hall coefficients depended markedly upon the assumed value for x. 
In particular, if the impurity carrier density was assumed to gradually increase 
by a factor of 2 to 3 in the intrinsic region, the calculated Hall coefficients 
more nearly agreed with the data. 
Table 20 of the Appendix eives the carrier densities for various temperatures. 
The values for T ) 300°K were calculated Qy using Equation 76 and assuming the 
impurity electron density to be 1.2 x 1018 cm-3. The valu.es for T<300°K were 
calculated from the low temperature Hall data by using Equation 21 and as_suming 
I= 1.18. The calculated intrinsic carrier densities are depicted by the solid-
line curve in Figure 22; this curve coincides with the calculated density for 
holes. The dashed-line curve in Figure 22 gives the electron densities for the 
Mg2Si sample studied. 
For b = 1.3, Equation 75 gave 
B • 1.32 ·x 1ol6 cm-3 
By Equation 69, therefore, 
1.32 X 1016 
4.82 'x rol5 
or mnmp/m2 = 3.68. The mobility ratio was 
b = (mn/mp)-5/ 2 = 1.3 
(77) 
= 2.65 (78) 
I 
(79) 
whence mp/llln = 1.1. Equations 78 and 79 may be solved for mn and tnp, and the 
solutions are 
mn = (1.8)m 
~ = (2.0)m 
The underlying assumption of this analysis of the data was that the 
mobilities varied with temperature as T-3/2. The results for ~Si may be 
SUimllarizedt 
(1) The electron to hole mobility ratio was near 1.3. 
(2) The electron mobility above 3000K was (.84 ?.S 106)T-3/2 cm2/volt-secr 
. the hole mobility thus 1-J'as (.65 x 106) T-3;2 cm2/volt-sec. 
(3) The energy band separation was .48 ev. 
(4) Two donor impurity levels, one about .006 ev below the conduction 
band and the other about .06 ev below the conduction band, . were 
found. 
(5) The effective mass for electrons was (1.8)m and the effective mass 
for holes 'was (2.0)m. 
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Fig. 22. Cgarge carrier densities for Mg2Si; classical statistics 
are valid for densities less than the degeneracy density. 
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VIII. RESULTS FOR Mg2 Ge 
A. Description and General Behavior of Sample 
The Mg2Ge sample selected for study was essentially a single crystal 
.17 em wide, .06 em thick, and 1.4 em long. It had a small crystallite inclusion 
near one end; measurements therefore were not made near this end. Except for a 
region 1 mm long which had a resistivity of .05 ohm-em, the room temperature 
resistivity varied between .072 and .085 ohm-em along the length of the sample. 
The resistivity was estimated to be uniform to within 5 per cent in that region 
of the sample for which the data to be reported were obtained. During the 
preparation of this crystal, the crucible cracked and the melt interacted with 
the stainless steel walls of the bomb-type furnace. This appreciably contaminated 
the crystal as subsequent spectrographic analysis proved. The spectrograph 
revealed the following: weak lines due to iron; very weak lines due to manganese; 
traces due to copper, silver, chromium, and nickel; faint traces due to silicon; 
and very faint traces due to aluminum. The concentration of the major impurities, 
iron and manganese, probably was about .01 per cent. · Fragments of the crystal 
showed no eutectic formations. 
At room temperature no magnetoresistance effect was detected. Within 
experimental error, the Hall constant at room temperature was independent of the 
magnetic field for fields as high as 10 kilogauss. Figure 23 is a plot of Vh/I 
versus Hat room temperature; the plot is linear as is required to obtain a fiefd 
independent Hall constant. The data for this plot are given in Table 15 of the 
Appendix. 
B. Electrical Resistivity and Hall Effect 
The low temperature measurements for Mg2Ge were more reliable than the high 
temperature measurements. As was explained in Chapter IV, above room temperature 
the voltage between the resistivity probes, just after the sample current was 
shut off, was quite large. The effect of this extraneous voltage on the resistivity 
measurements could not be evaluated with certainty. 
The low temperature data for Mg2Ge are presented in Table 21 of the Appendix; 
the high temperature data are presented in Table 22. The logarithm of the resistivi~ 
is plotted as a function of reciprocal temperature in Figure 24; the logarithm of 
the Hall coefficient is plotted as a function of reciprocal temperature in Figure 25. 
The results may be explained qualitatively as were the results for Mg2Si. 
For the Mg2Ge sample, the Hall coefficient was ne gative for all temperatures, 
which indicated that electrons were the dominating charge carriers. Apparent 
intrinsic behavior was observed above 450°K. 
Figure 26 is a plot of the logarithm of the Hall mobility against the lo garithm 
of absolute temperature. The shape of this curve indicates that at ve~ low 
temperatures the electron mobility in Mg2Ge might have increased as T31~. After 
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passin~ through a maximum at llOOK, the Hall mobility curve decreases, nearly 
as. T-3;2 just belo"r room temperature, but more nearly as T-1 at 45QOK. In the 
intrinsic region, the initial slope of the Hall mobility curve is nearly that 
of T-2, but it appears to taper to that of T-3/2 above 6780K. Hall data was 
not . obtained at sufficiently many temperatures to determine_,.rith any certainty 
the Hall coefficient curve above 678°K. However, the general behavior of the 
observed Hall mobility may be interpreted. As lattice scattering became dominant, 
scattering by both acoustical modes and optical modes contributed to decreasing 
the mobility. Both at low temperatures and very high temperatures the scattering 
by acoustical modes may be dominant; at low temperatures;Lp certainly shall be 
• large compared to.-Ur_, and at very high temperatures_,tlL decreases more rapidly 
with temperature than JLp• At some intermediate temperature, however, 1/ p p 
could be comparable -with 1/~L and scattering by polarization waves would then 
have its maximum effect. To explain the mobility data for Mg2Ge on this basis 
the characteristic temperature for the optical modes would have to be of tbe 
order of room temperature. Certainly data for many more samples and measurements 
of the specific heat are needed to establish the relative importance of acoustical 
and optical vibration scattering processes for Mg2Ge. The indication, on the 
basis of this investigation, was that polarization waves were of influence in 
Mg2Ge, but the data for the sample studied were not sufficient to serve as more 
than a basis for conjecture. 
In the intrinsic region, above 450°K, the initial steep decline of the 
Hall mobility may be explained qualitatively in either of two ways: (1) the 
intrinsic carrier density greatly exceeded the impurity carrier density, and 
the actual drift mobility for electrons decreases as T-2; or (2) the intrinsic 
carrier density was of the order of, but overtaking, the impurity carrier 
density, and the strong decline of the Hall mobility was due to the increasing 
influence of holes. There was no reason to assume the actual drift mobility 
for electrons changed abruptly from a T-1 dependence to a T-2 dependence at 
4)00K, and the second alternative explanation was favored. The data could be 
analyzed to determined the behavior of the electron drift mobility if the electron 
to hole mobility ratio ivere known. 
C. Analysis of the Data 
1. Extrinsic region 
Beloiv l08°K the resistivity for the Mg2Ge:. sampj_e was given by 
_/) = . 0348 exp(. Oll/2kT) ohm-em, (80) 
and the Hall coefficient was given by 
RH = -18.7 exp(.0061/2kT) cm3/coulomb. (81) 
The donor levels thus lay about .006 ev belo;v the conduction band. At lOOOK 
the Hall coefficient data indicated an impurity electron density of about 3. x 
1017 cm-3. Since the spectrographic analysis of the sample indicated impurity 
70 ISC-714 
concentrations much larger than this, it is apparent that the major impurity 
atoms, iron and manganese, either effectively donated only a fraction of their 
valence electrons to conduction processes, or that they introduced both holes 
and electrons as is the case for iron-doped germanium(56). 
2. Intrinsic region 
Both the Hall data and resistivity data gave rise to two activation energies; 
above 6780K the slopes of the semi-logarithmic plots were nearly twice as great 
as the slopes for the 500°K- 678°K interval. The resistivity in ohm-em was given 
. . by 
./' - .000694 exp ( .43/2kT) 500°K < T < 678°K (82) 
(83) _/) = . 000121 exp (. 64/2kT) T ) 678°K • ' -
Below 678°K, RI{I'J/2 varied as exp ( .47/2kT) and above 678°K, as exp ( .62/2kT). 
The implicat~~s of these results were that at high temperatures the mobilities 
varied as T- 12 and that the energy band separation was .62 - .64 ev. 
If the mobilities actually varied as T-q/2, then a plot 
1/T should have given the energy band separation. Constants 
by fitting the data to curves of the form 
log ( .fJ T32q) = Ec - Ev ,. log B' 
2kT 
are given in Tables 10 and 11. 
( jA-- =qAT -q/2 ) 
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Table 10 
Graphically determined resistivity 
parameters for ~2Ge (500°K < T ( 678°K} 
B' 
(ohm-em) 
45.1 
1.13 
2.8 X 10-2 
7.0 x lo-4 
1. 7 x lo-5 
4.3 X 10-6 
l.l X l0-7 
3-:-q 
of log (.p T~) versus 
determined. graphically 
E~- Ev 
lev) 
.27 
.32 
.37 
.43 
.48 
.53 
.58 
(84) 
0 
1 
2 
3 
4 
5 
6 
ISC-714 
Table 11 
Graphically determined resistivity 
parameters for Mg2Ge (T > 6780K) 
B' 
(ohm-em) 
13.7 
.28 
4.6 x lo-3 
1.2 x :to-4 
2.5 x 1o-6 
5.2 X 10-8 
1.1 X 10-8 
71 
Ec-Ev (ev) 
• 42 
• 49 
• 61 
.64 
.71 
.78 
.86 
The results in Tables 10 and 11 are given to illustrate the influence of 
the temperature dependence of the mobilities upon the determination of the energy 
band separation. 
In the region below 6780K the results may be explained as follows: The 
intrinsic carrier density was overtaking the impurity carrier density and the 
rate of change of the Hall coefficient was not indicative of the rate of change 
of carrier concentration. The mobilities were decreasing slowly with temperature 
so that the influence of impurity electrons was considerable and should have 
been taken into account in the expression for the resistivity. 
Above 6780~the mobilities apparently were decreasing as T-3/2 since this 
dependence was required to make the resistivity data and Hall data ?ompatible. 
The mobility curve for T ( 45oo~, v..men extrapolated to 1000°~, gave _/A-
(lOOQOK)ex = 47 cm2/volt-sec. The extrapolated Hall mobility curve above H 
6780K gave ~H (1000°K)in • 27 cm2/volt-sec. The ratio 
)LH ( lOOQOK) ex 
;UH ( 1000°K) in 
47 
27 = 
.57 
is by Equation 49 a rough measure of the quantity (b - 1)/b since ~ (1000°K) 
should be the Hall electron mobility. From this it was deduced that for ex 
Mg2Ge b / 2.5. Since the Hall electron mobility at lOOOOK is probably less- than 
the extrapolated value if indeed it varies as T-3/2 at higher temperatures, the 
value 2.5 is probably a lower limit for the mobility ratio. 
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IX. DISCUSSION 
Busch and lvinkler (8, 9, 10) previously studied l1g2Si and Hg2Ge. They 
presented an analysis different from that favored here. For/bJth compounds . 
(and also for Mg2Sn) they observed that~ decreased as T-~ 2 in the intrinsic 
region. They assumed that the electron and hole mobilities varied in the same 
manner; their data then implied energy band separations of .77 ev for Hg2Si 
and .74 ev for l1g2Ge. If the mobilities varied as T-3/2, their data then 
implied energy band separations of .70 ev for Mg2Si and .62 ev for Mg2Ge. In 
comparison, the results of this investigation gave energy band separations 
of .48 ev for Mg2Si and .63 ev for Mg2Ge. In no way can the two results for 
Mg2Si be reconciled, but the agreement for Mg2Ge is good. They obtained Hall 
mobilities above 5oooK which, aside from their slopes, agreed with those 
obtained in this investigation. 
Busch and Winkler (8) stated that their data were for polycrystalline 
samples. However, their ability to reproduce their results indicated that the 
effects of grain boundaries and possible eutectic inclusions were indeed small. 
The samples used for this investigation were single crystals. Generally, data 
for single crystals are more consistent and indicative of the intrinsic nature 
of the materials. However, strains in the crystals and surface oxidation could 
affect the results for single crystals. 
The essential gross difference between the results of this investigation 
and those of Busch and Winkler is that in this investigation a larger energy 
gap was found for Mg2Ge than for Me2Si, contrary to the findings of Busch and 
Winkler. The Mg2Ge melting point is 435oc above the Mg2Ge•Ge eutectic, but 
the Mg2Si melting point is only l50°C above the Mg2Si-Si eutectic; this 
indicates that Mg2Ge is more strongly bound than Mg2Si. This trend implies 
that Mg2C would be relatively unstable, and indeed, Vogel (57) was unable to 
produce any formation of M32C. It is not unreasonable to expect that the 
binding in Mg2Ge is stronger since the Mg-Ge bond should have a larger hetero-
polar contribution than the Mg-Si bond. If, indeed, this is the case, the 
pe riodic potential in Mg2Ge should be more rapidly varying than in Mg2Si and 
the energy band separ:ation should \:Je larger. The much smaller energy gaps 
of Mg2Sn and Mg2Pb may be accounted for by their appreciably larger interatomic 
spacings which should result in large regions for which the periodic potential 
is slowly varying. Welker (59) discussed these effects for the Group IIIB-Group 
VB compounds . 
Since the masses of magnesium and silicon atoms differ only sli ghtly 
(atomic weight of Mg = 24.32; atomic weight of Si = 28.06), the influence of 
o~tical modes should be slight unless the binding is appreciably heteropolar. 
However, the light atoms should easily be induced to vibrate and a low. electron 
mobility should be expected. The evidence of this investigation was that the 
theory of scattering by acoustical modes can essentially account for the 
temperature dependence of the electron mobility, although polarization waves 
may play a s:rrall role. 
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In the case of Mg2Ge the masses of the constituent atoms differ by a factor 
of three (atomic mass of Ge = 72.60); the average atomic mass is lareer than 
in the case of Mg2Si, and electron scatterine by acoustical waves should be 
less. However, heteropolar bonding probably is more pronounced in Mg2Ge and 
scattering by polarization waves should be an important factor. The results 
of this investigation were that scattering by t hermal vibrations results in 
essentially the same room temperature electron mobilities f or Mg2Si and Mg2Ge. 
However, the temperature dependences of the mobilities indicated that at room 
temperature scattering by acoustical waves was dominant in ~~Si, but that 
scattering by polarization waves lowered the room temperature mobility of 
Mg2Ge below that to be expected from scatterine by acoustical waves alone. 
At l000°K it was estimated that (~n)L for Mg2Si was about 32 cm2/volt-sec 
and for Mg2Ge, about 40 cm2/volt-sec; ~his is in qualitative agreement with 
the anticipated behavior. Actually the mobility ratios should vary approxi-
mately inversely with the average atomic mass. This would result in 
( f'l- )Ng2Si f'V 2'4 
(~)Hg2Ge 39 
= .6 
' 
compared to the estimated experimental value of 32/40 = .8. 
(85) 
From measurements of the thermoelectric power of ~Ge against copper, 
Busch and Winkler (10) found that b = ftn/A = 5 for Mg2Ge. The results of 
this investigation implied that b ) 2.5 for ~2Ge but that b A/ 1.3 for Mg2Si. 
As was pointed out by Welker (60), the magnitude of the heteropolar binding 
contribution is related to the mobility ratio; for homologous series of Group 
IIIB - Group VB compounds Welker observed that b was largest for compounds 
which had a slight heteropolar nature compared to those vmich were essentially 
homopolar or appreciably heteropolar. 
In the case of Mg2Sh the tin atoms are quite massive and the thermally 
induced l a ttice vibrations will have smaller amplitudes. Small amplitude 
polarization waves in polar materials reduce the electron mobility considerably, 
but the effect of the high atomic mass (118.7) of tin would be to make the 
characteris tic temperature for optical modes in M~Sn relatively high. Thus 
a t room temperature and below, electrons in Mg2Sn should be scattered primarily 
by acoustical waves and the electronic mobility should be high, probably twice 
as great as in ~Si. Blunt, Frederikse, and Hosler (4) repor~ed that at liquid 
nitrogen temperature the electron mobility in Mg2Sn in 3300 em /volt-sec, a 
value some four times as large as was found here for Mg2Sl. They found, however, 
that the Hall mobility varied as T-2 below room temperature. 
It appears tha t the Mg2X compounds are well suited to testing and developing 
theories of the mean free path for materials intermediate between strictly ionic 
types and strictly covalent types. For this reason one of the more interesting 
aspects of the Mg2X compounds for further study is the variation from compound 
to compound in the nature of the scattering of t he electrons. The results so far 
obtained indicate that scattering by polarization waves probably is comparable 
"1\Ti th acoustical scattering in these compounds. To supplement the Hall mobility 
dat a , measurements of the specific heats a s functions of t emperature for these 
compounds would be valuable, The specific heat measurements s hould enable a 
deduction to be made of the active lattice vibrational modes at ea ch temperature. 
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Another factor which ~ contribute to the electron mobility in these 
compounds is scattering by vacant lattice sites at high temperature. For 
the Group IIIB - Group VB compounds the evidence is (60) that vacancies are 
not important. This point, however, merits attention in ~ture studies. 
No direct evidence for the mobilities of holes in the Mg2X compounds 
has been obtained. Particular emphasis should be placed in future studies 
upon reducing donor impurity densities to less than 1016 cm-3 so that added 
acceptor impurity densities of the order of 1ol8 cm-3 1·muld determine the 
behavior of the materials. Direct data for the hole mobilities could then 
be obtained. 
If the temperature dependences of the mobilities and the electron to 
hole mobility ratios for these compounds could be definitely established, 
then more reliable determinations could be made for their energy band separations. 
The optical absorption spectra for these compounds would also be of value in 
determinine the maentidues and also the variations with temperature of the 
energy gaps. 
Table 12 summarizes some of the results for the Mg2X compounds. Also 
included, for comparison, are some results for the Group IIIB-Group VB compounds. 
In Figure 27 are plotted the intrinsic resistivities of the Mg2X compounds 
and of the series InSb, GaSb, and AlSb. The curves for Mg2Si and Mg2Ge marked 
with an asterisk were from this investigation; the other curves for these 
compounds were taken from ~usch and Winkler (10). Curves for InSb (7), GaSb 
(5), and AlSb (3) were included to afford an idea of how the Mg2X compounds 
compare with the Group IIIB-Group VB compounds cover about the same ranges of 
resistivity as the other compounds. 
An interesting topic requiring further study is the behavior of various 
impurities in the Mg2X compounds. The data of this investigation implied that 
in Mg2Si copper and silver serve as donors and that in Mg2Ge tr~nsition elements 
serve as donors. The effects of impurities in germanium have been extensively 
studied. Dunlap (15) reported that gold serves as an acceptor in germanium; 
Morin and Maita (35) found that copper gave rise to an acceptor level .04 ev 
above the valence band. In germanium iron acts both as an acceptor and a donor 
according to Tyler and Woodbury (56); they found an iron donor level .27 ev 
below the conduction band and an iron acceptor level .34 ev above the valence 
band. In the Mg2X compounds, as was pointed out, monovalent impurities such 
as copper, silver, and gold should serve as donors if they enter substitutionally 
into the lattice. Group IIIB and Group VB elements, which have covalency 
tendencies, would probably substitutionally replace Si, Ge, or Sn in Mg2X 
compounds; the Group IIIB elements (Al, Ga, In) should then be acceptors and 
the Group VB elements (P, As, Sb) donors, just as they are in silicon and 
germanium. Because of the more complicated electronic configurations of 
transition elements, their function as impurities is difficult to predict by 
the qualitative arguments used for other elements. 
.,, 
,,; 
Table 12 
Comparison of results for some semiconducting intermetallic compounds 
-4_' n 
. Compound Source for electrical data Energy at .300°K Lattice 
gap cin2 An constant 
(ev) ·volt-sec - . 
..A-P 0 (A) 
Mg2Sn Robertson and Uhlig (45) :26 - - 6.76 
Busch and Winkler (10) .36 210 1.4 
Mg2Ge Busch and Winkler (10) :74 (530) 5 '• 6.38 
This investigation .63 146 >2.5 
Mg2Si Busch and Winkler (10} :n - - 6.34 
This investigation .48 167 r--l.J 
InSb Yfe'lker· {"60) · :27 65000 rv9) 
Breckenridge, et. al. (7) .23 29 6.47 
InAs · . -· ·1"lelker ( 60) . • 47 - 23000 rv230 '6.63 ··- ~ . . 
. ' ' 
InP Welker (60) /.9 3400 5.2 5.86 
GaSb Welker (60) .8 4000 6 6.03 
Blunt, et. al. (5) .78 100 5.5 
AlSb Welker (60) 1.6 - - 6.03 
Blunt, et. al. (3) 1.6 35 (0.25) 
•· 
Melting 
point 
co c) 
778 
1115 
1090 
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.. '936 . 
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720 
1080 
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